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Izvleček 
V prvem delu doktorske disertacije je predstavljen odločitveni model za preverjanje potresne 
zmogljivosti enote industrijskega obrata na ciljno potresno tveganje. Model obsega oceno potresnih 
zahtev pri projektnem potresu in oceno potresne kapacitete obravnavane enote, ki preko varnostnega 
faktorja implicitno zagotavlja želeno potresno zmogljivost enote z vnaprej določenim ciljnim 
(sprejemljivim) tveganjem. Predlagani odločitveni model je podoben modelu za preverjanje potresne 
zmogljivosti objektov kot ga določa standard. Zato je že poznan inženirjem, vendar ne rešuje problema 
opredelitve ciljnega tveganja za enote industrijskega obrata. Zaradi tega je treba projektne potresne 
parametre enot industrijskega obrata ovrednotiti z upoštevanjem sprejemljivega tveganja celotnega 
industrijsko-urbanega območja, kot je predstavljeno v drugem delu disertacije. Predlagana metodologija 
vključuje pet procesov: (1) analiza smrtnosti z upoštevanjem domino učinkov (npr. požari, eksplozije, 
širjenje strupenih snovi); (2) analiza populacije za simulacijo prostorske in časovne spremenljivosti ljudi 
na obravnavanem območju; (3) analiza potresne nevarnosti obravnavanega območja; (4) opredelitev 
ciljnega tveganja z letnim številom smrtnih žrtev in (5) iterativno prilagajanje ciljne funkcije ranljivosti 
enot industrijskega obrata. Zadnji proces vključuje razčlenitev tveganja za izgubo življenj, ki zagotavlja 
koristne informacije o najbolj kritičnih enotah obravnavanega sistema. Zmogljivost novega okvira za 
načrtovanje na ciljno tveganje je prikazana na več primerih. Izkaže se, da lahko domino učinki 
pomembno vplivajo na tveganje za izgubo življenj in da se lahko ciljna potresna ranljivost enot 
industrijskega obrata znatno razlikuje, če je cilj pri načrtovanju enot opredeljen s tveganjem za izgubo 
življenj na celotnem industrijsko-urbanem območju. 
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Abstract 
In the first part of this thesis, a risk-targeted decision model for the verification of the seismic 
performance of a single industrial unit is presented. It includes the assessment of the seismic demand 
for a design earthquake and the seismic capacity, which is reduced by a risk-targeted safety factor. Such 
a safety factor implicitly guarantees the desired performance of the unit with a predefined target 
(acceptable) risk. The proposed risk-targeted decision model is similar to the code-based approach, 
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introduced in the second part of the thesis. The proposed methodology comprises five processes: 
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(2) population analysis to simulate the spatial and temporal variability of the distribution of people in 
the area; (3) seismic hazard analysis for the location; (4) definition of the tolerable risk in terms of the 
annual number of fatalities and (5) iterative adjustment of target fragility function of the industrial units. 
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have a significant impact on the fatality risk. Moreover, the target seismic fragility functions of industrial 
units can vary significantly if the performance objective is defined by the fatality risk of the entire 
industrialised urban area.  
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1.1 Motivations and objectives 
 
Industrial facilities are composed of several units, such as tanks, vessels, piping systems or other 
components, which may store or be used for the transport of hazardous materials. Several accidents 
occurred in the past have evidenced that natural catastrophic events like earthquakes may cause damages 
to the units of industrial facilities, and may trigger accidental scenarios such as fires, explosions, or toxic 
dispersion. The consequences of these scenarios may involve both people working within the facility 
and people living in the urban area where the facility is located, as was observed, for example, during 
the Fukushima earthquake in 2011 [1] and some other events (e.g. [2]). Such events are known as Natech 
(Natural technological) accidents because they imply the interaction between natural and industrial risk. 
 
Existing technical codes and standards for the design of structures in the industry consider natural 
hazards. Still, the prevention of hazardous substances releases may not be designed quantitatively. Thus 
the risks due to the releases of hazardous substances may not be taken into account [3]. Being aware of 
this problem, the European Commission published in 2012 the Seveso Directive III [4], which addresses 
the prevention of Natech disasters caused by extreme natural events such as earthquakes. Under the 
Seveso III Directive, the industrial facilities that deal with dangerous substances are required to set out 
a major-accident prevention policy, write and submit a safety report, and establish emergency plans in 
the case of an accidental release of contents. The requirements of these regulations are usually met by 
the owners of industrial facilities through the creation and implementation of the safety reports. 
However, the Directive does not specify methodologies or actions that can be taken to achieve these 
requirements. Therefore, at the European level, there is still a need to develop guidelines regarding 
Natech risk assessment [3]. Such guidelines could address the European regulators towards the 
definition of performance requirements for the design of industrial units.  
 
The risk from accidents triggered by earthquakes can be reduced if the industrial units are designed in 
such a way to meet defined performance expectations. This is the philosophy of Performance-Based 
Earthquake Engineering (PBEE) [5], which has been in use in various engineering disciplines and 
sectors for many years now [6]. The performance requirements for the design of ordinary structures are 
aimed to ensure that human lives are protected, the damage is limited, and structures important for civil 
protection remain operational (e.g. [7]). Such performance requirements are not sufficient for the design 
of the units of industrial facilities. For example, guidelines for seismic design and qualification for 
Nuclear Power plants, as discussed in NEA (2008) [8], also take into account the performance 
requirement of "safe shutdown", aimed at ensuring that it is possible to shut down the plant prior that 
radiological accidents are triggered by a seismic event. A similar definition could be used in the case of 
other industrial facilities, aimed at preventing loss of the hazardous material. Such a performance 
objective is crucial because the release of a hazardous material may trigger accidental scenarios such as 
fires, explosions, or toxic dispersion. This propagation of damage is called a domino effect, which can 
be defined as an incident that starts in one unit of the industrial facility and may affect nearby structures 
by thermal effects, blasts, or fragments impact. This series of adverse events can cause an increase in 
the severity of the consequences or the frequency of structural failure [9].  
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While performance-based design procedures for the design of ordinary buildings are widespread in the 
literature, it is still needed to develop design procedures that account for the performance requirements 
of industrial facilities. Since the domino effect increases the vulnerability of the built environment 
surrounding the industrial facilities, a design procedure for industrial facilities should be based on 
performance requirements accounting for the consequences of the domino effects. Thus the objective of 
this thesis was to develop a performance-based design procedure for the units of industrial facilities with 
consideration of the domino effects. The focus was on the life-safety performance requirements, 
expressed in terms of tolerated fatality risk. Because the seismic damage of industrials unit may have 
consequences for the plant itself and everyone living in its close vicinity [10], the performance 
requirement is based on the tolerated fatality risk for the entire affected area. Therefore, the design 
procedure quantitatively takes into account the domino effects triggered by seismic events in 
industrialised urban areas. The proposed methodology is general, but its application was demonstrated 
by considering that petrochemical plants represent the industrial facilities in the area. Such plants are 
the subject of investigation within the XP-RESILIENCE project [11], which includes the research work 
presented in this thesis.  
 
1.2 State of the art 
 
The current seismic design code in Europe for the design of industrial units is the Eurocode 8 – Part 4: 
Silos, tanks and pipelines [12,13]. This statute follows the conventional earthquake-resistant design 
approach (e.g. [7,14]), in which the performance requirements are expressed through defined limit states 
(e.g. damage limitation limit state, or collapse prevention limit state). In conventional 
earthquake - resistant design, the limit states are verified by considering the seismic demand 
corresponding to a design earthquake, which is characterised by a designated occurrence rate. However, 
it is widely recognised that earthquakes events and their consequences are associated with considerable 
uncertainty [15]. For this reason, performance requirements should be expressed in probabilistic terms. 
As discussed by Jalayer et al. [16], performance objectives can be expressed in terms of the mean annual 
frequency of exceeding a specified limit state, which can be estimated in the process of seismic risk 
assessment for a structure [17].   
 
The process of seismic risk assessment for a structure can be briefly summarised by the following steps. 
A set of ground motions is selected with a defined criterion. Non-linear dynamic analyses are then 
performed (e.g. Incremental Dynamic Analyses, [18]) in order to estimate relevant engineering demand 
parameters (EDPs) for given levels of intensity measures (IM). Fragility curves are then derived to 
predict the probability of exceeding a limit state. Finally, the fragility curves are integrated with the 
derivative of the hazard function, which results in the annual rate of exceedance of a designated limit 
state at the location of interest [17].  
 
In the last decades, the earthquake engineering community tried to include the seismic risk analysis into 
the design phase, introducing risk-based decision models. A pioneering study was conducted in 1996 by 
Cornell [19], who provided a probabilistic basis for seismic design. He derived equations in closed-form 
that can be used to estimate the safety of a structure for any specified performance level. The model 
accounts for different sources of uncertainty (e.g. variability in yield-level capacity, ductility capacity, 
record-to-record differences in post-yield behaviour), as well as the hazard function. The probabilistic 
approach became the basis of the performance-based seismic design of FEMA 2000 [20], as discussed 
in [21]. In 2002, Cornell et al. [21] proposed a practical format for safety checking, based on the 
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comparison between demand and capacity for a structure. The proposed approach, which was further 
discussed in [22],  uses an engineering demand parameter as the major quantity for measuring seismic 
demand and capacity (EDP-based approach). Both demand and capacity are multiplied by safety factors, 
which were derived using the probability theory. The safety factors account for the aleatoric and 
epistemic uncertainty in demand and capacity. In 2003, Jalayer also proposed an IM-based approach 
[22], where demand and capacity are defined in terms of ground motion intensities. The decision models 
for both approaches are developed in such a way that the seismic risk for the designed structure results 
lower than a target (acceptable) risk.  
 
A few years later, Luco et al. [23] proved that designing structures based on uniform-hazard ground 
motions does not result in structures with uniform risk. Therefore, they provided the basis to define 
adjusted seismic design maps for a selected target risk. In particular, they derived design factors that, 
when applied to the ground motions at a specified exceedance probability (i.e. hazard-uniform ground 
motions), result in a target risk for the designed structure. The design factors reflect the uncertainty in 
structural capacity and depend on the seismic hazard curve for the given location. A similar approach 
was followed by Douglas et al. [24] and by Silva et al. [25], who derived risk-targeted design maps for 
mainland France and Europe, respectively. Later on, many variants of seismic design procedures with 
the consideration of risk metrics were introduced. Franchin and Pinto [26] presented an approximate 
method for seismic design of reinforced concrete structures to meet performance requirements expressed 
in terms of risk. They proposed an optimisation design algorithm that finds optimal design variables 
such that the designed structure complies with multiple performance requirement constraints. The use 
of numerical optimisation has also been suggested by Mackie and Stojadinovic [27] for the risk-targeted 
design of bridges. Vamvatsikos and Aschheim [28] introduced yield frequency spectra to enable the 
direct design of a structure subject to a set of seismic performance objectives. Recently, Dolšek et al. [29] 
introduced a simple risk-targeted decision model for the verification of collapse safety. The model 
incorporates the target risk into the traditional design checks, which are based on the comparison 
between seismic demand and seismic capacity. The advantage of this decision model is that only the 
capacity is divided by a risk-targeted reduction factor, calibrated in such a way that the seismic risk for 
the structure results lower than the target risk. Similarly, Žižmond and Dolšek [30] proposed the use of 
a risk-targeted reduction factor for the force-based design of structures.  
 
All the contributions in the literature mentioned above prove that the earthquake engineering community 
managed to achieve important results in the field of risk-targeted design of structures. However, these 
contributions are mostly developed for the case of ordinary buildings and are not suitable for the design 
of industrial units. Therefore, while risk-targeted design procedures for the design of ordinary buildings 
are widespread in the literature, it is still needed to develop risk-targeted design procedures that account 
for the performance requirements of industrial facilities.  
 
The risk-targeted design procedures presented in the literature, as discussed above, define the 
performance requirements in terms of target risk. However, even for the case of ordinary buildings, it is 
still a challenging task to determine a tolerated level of risk, because its value is subjective and the 
perception about the tolerated risk differs between investors, insurance companies, engineers and 
building users [31]. Many models for the estimation of a tolerable collapse risk have been proposed, as 
discussed in [32]. These models take into account the number of people exposed to the risk, the 
consequences of collapse, the costs of implementing safety measures, and the importance of the structure 
as defined by its use [32]. The tolerable collapse risk could be deduced based on tolerated levels of 
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annual fatality risk, as introduced in [33]. Such an approach makes it possible to consider the probability 
of loss of life due to the collapse of buildings. For example, Tsang and Wenzel [33] proposed a method 
for establishing tolerable levels of collapse risk based on the tolerable fatality risk (e.g. 10-6), which was 
established based on a multi-disciplinary review of major studies and guidelines. The authors calculated 
the fatality risk due to structural collapse of different types of building, taking into account the 
occupancy rate at different times of earthquake occurrence. The estimated fatality risk due to the collapse 
of a building, and the tolerable fatality risk, were then used for deducing the tolerable collapse risk of a 
building. A similar approach was used later on by Lazar Sinković and Dolšek [31]. They demonstrated 
a fatality risk-based decision model for the performance assessment of buildings with an emphasis on 
the consequences of the collapse of the building. Jaiswal and Wald [34] defined the probability of loss 
of life due to the collapse of a structure (i.e. the fatality rate) as the ratio between tolerable fatality risk 
and tolerable collapse risk. They proposed that the fatality rate could amount to 0.15 for ductile 
reinforced concrete frames and to 0.14 for steel moment frames.  
 
The fatality risk is typically measured as individual risk (IR), which is defined as the annual probability 
of fatality for an individual who is continuously standing for one year at a point in the area of interest 
[35–37]. The individual risk describes the geographic distribution of risk for the area under 
consideration. It is used to assess whether individuals are exposed to more than an acceptable risk in the 
location where they may spend time [38]. Different criteria to defined a tolerable level of individual risk 
may be found in the literature. For example, in the Netherlands, individual risk lower than 10-6 is 
considered as acceptable for the case of hazardous installations, transport routes and airports [39]. 
However, the individual risk does not directly provide information on the expected number of fatalities, 
because it does not take into account, by definition, the actual population in an area of interest. Moreover, 
the individual risk does not provide a clear and prompt perception of the risk. For this reason, it is better 
to address to the evaluation of the societal risk, which can be defined as "the relationship between 
frequency and the number of people suffering from a specified level of harm in a given population from 
the realisation of specified hazards" [40]. Contributions in this direction may be found in [41], where a 
procedure to develop societal risk functions able to provide the expected number of fatalities due to 
multiple hazards is proposed. The societal risk is typically estimated through f-N curves (e.g. [1,42,43]), 
which displays the frequency f of exceeding a certain number of fatalities N per year, as a function of 
the number of fatalities, N, on a logarithmic scale. As reported in [42], a risk acceptance criterion can 
be defined on the f-N plane by a limiting line, which separates the ranges of tolerable and intolerable 
risk. Such criterion is typically used for the case of industrial facilities. Tsang et al. [41] developed a 
scenario-based modelling approach to calculate societal risk functions. The number of fatalities was 
computed for each earthquake scenario. The pairs of values (fatalities vs rate of exceedance) were 
plotted to obtain an f-N curve, which shows the frequency f of exceeding a designated number of 
fatalities N. From f-N curves, the expected number of fatalities in the region may be calculated.  
 
In the contributions presented above, the fatality risk is always related to the collapse risk for buildings. 
However, in the case of industrial facilities, the probability of fatality is not only the direct consequence 
of the collapse. Indeed, as mentioned at the beginning of this chapter, the structural damage of industrial 
units may cause the leakage of hazardous material, which may trigger accidental scenarios such as fires, 
explosions, or toxic dispersion. The domino effect increases the vulnerability of the built environment 
surrounding the industrial facilities, and, consequently, the probability of fatality. For this reason, a risk-
targeted design procedure for industrial facilities should consider performance requirements which 
account for the consequences of the domino effects.  
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Many studies in the literature have accounted for domino effects in the quantitative performance 
assessment of industrial facilities. Cozzani and Salzano [44] investigated the domino effects caused by 
explosions in an industrial facility. The scope of their work was to develop models to estimate the 
probability of structural damage of industrial units caused by the overpressure due to the explosions. 
They set up an inventory of experimental data on the damage of industrial units (tanks and vessels in 
particular), in which they described the observed damage and reported the value of overpressure that 
caused that damage. The failure of an auxiliary component, or the minor structural damage of the unit, 
can lead to the loss of hazardous material, which may trigger an explosion and thus cause the collapse. 
Therefore, the authors assumed that there is a 10% probability of collapse in case of the failure of an 
auxiliary component and a 30% probability of collapse in case of minor structural damage. In this way, 
they related the probability of collapse to the overpressure that caused certain damage. The relationship 
between collapse probability and overpressure was described by a probit function, which is the inverse 
of the cumulative distribution function of the Gaussian distribution. Later on, Salzano and Cozzani [45] 
used the so-obtained probit functions for the quantitative risk assessment of domino accidents caused 
by explosions. They assumed that different tanks could be the centre of an explosion caused by any 
accident, which frequency of occurrence was deduced from typical values in the literature. The intensity 
of overpressure decreases for increasing distances from the centre of the explosion. Therefore, they 
calculated the probability of collapse caused by overpressure for given distances and quantified the risk 
as a function of the collapse probability.  
 
In 2006, Cozzani et al. [46] studied the domino effects caused by different chemical accidents, such as 
pool fires, flash fires and explosions. They developed software for quantitative assessment of domino 
effects, which provides risk maps and f-N curves for an area of interest. Their methodology was based 
on the calculation of the number of possible domino scenarios which may be triggered by a chemical 
accident. The probability of occurrence of each scenario and the probability of consequences 
(e.g. fatalities) were calculated based on probit functions found in the literature. The frequency of the 
phenomena that cause domino effects (e.g. the explosion of a tank) was accounted in the methodology 
and deduced from typical values in the literature. Still, the frequency of the natural hazards that trigger 
such phenomena was disregarded. Later on, Antonioni et al. [47] provided a similar methodology for 
risk assessment of domino effects by considering the earthquake as a triggering event. Therefore, they 
accounted for the expected frequencies of seismic events that cause damage to the units. However, only 
the first level of escalation of adverse events was considered in the assessment of domino effects. In 
other words, they neglected the possibility that a unit damaged by domino effects may cause a further 
level of escalation of chemical accidents. In 2016, Kim et al. [1] proposed a method for seismic risk-
assessment of tank farms with consideration of domino effects. In their approach, the frequency of 
catastrophic damage of a tank was calculated as the sum of three contributions, i.e. the frequency of 
damage due to a generic accident in the plant, the frequency of damage due to a seismic event and the 
frequency of damage due do domino effects. Then, they assumed arbitrary values for the vulnerability 
of people to accidents (e.g. they assumed that 10% of people outdoor might die because of a domino 
effect) and thus derived f-N curves for the area surrounding the tank farm. 
 
Due to the complexity of the problem, domino effects are often simulated using the Monte Carlo (MC) 
method. In 2010, Abdolhamidzadeh et al. [48] proposed an algorithm which generates hypothetical 
experiments for simulating the behaviour of a complex system that might experience a domino effect. 
The algorithm can then be used for the estimation of the probability of failure for each unit of the system. 
The MC method was also utilised in [49] to investigate the risk of vapour cloud explosions after a loss 
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of hazardous material from different types of equipment (e.g. pipes, vessel, valves). Furthermore, 
in 2018, Alessandri et al. [50] developed software which could be used to implement MC simulations 
in the case of risk assessment of domino effects in tank farms. In their approach, earthquakes are the 
triggering events, which could damage the units of an industrial facility, cause loss of containment and 
many possible chemical consequences (e.g. pool fires, flash fires, explosions, and other adverse events). 
The outcome of their procedure is the annual probability of occurrence of a given scenario. In their 
approach, all the possible escalation levels are taken into account.  
 
Several authors have also investigated possibilities for improving the performance of industrial facilities 
against adverse events. For example, López-Molina et al. [51] proposed an approach aimed at the 
minimisation of risks due to domino effects during the layout design of new plants. They considered the 
case of the explosion of an industrial unit and estimated the probability of damage due to overpressure 
through probit functions. Then, they developed an optimisation algorithm to find the optimal layout of 
the units so that the probability of domino is minimised. Bernechea and Arnaldos [52] developed a 
method to support the decision-making process during the design stage employing the "inherently safer 
design" concept. This approach tries to reduce the risk by making essential changes to the type of 
hazardous material stored by the units, the characteristics of the units, and the distances between units. 
In the method proposed in [52], the risk associated with a specific design is estimated and compared to 
other design solutions, to determine which is safer. The risk analysis incorporates the domino effects 
and the possible impacts on human lives. Ahumada et al. [53] also developed a methodology to optimise 
facility layout by evaluating the minimum distances of separation between process units in order to 
prevent the propagation of damage after the release of hazardous material. However, these 
methodologies do not consider the possibility that domino effects are triggered by natural events such 
as earthquakes. 
 
From the review of relevant contributions in the literature, as reported above, it appears that there is still 
a lack of risk-oriented design procedures for industrial units that account for consequences in 
industrialised urban areas. Therefore, in the research presented in this thesis, the state-of-practice design 
procedures of industrial units were updated to account for risk-targeted performance objectives. The 
proposed methodologies, demonstrative examples, discussion of results and findings of the research are 
elaborated in the thesis as presented in the following.  
 
1.3 Outline of the thesis 
 
The core of the thesis, which starts after Introduction, comprises six chapters. In Chapter 2, a risk-
targeted decision model for the verification of the seismic performance of units of industrial facilities is 
first presented. This part focuses on performance objectives related to the prevention of loss of hazardous 
material from industrial units. A risk-targeted safety factor is introduced for the verification of the limit 
state of the unit to guarantee the desired performance with a predefined target (acceptable) risk. A design 
procedure that includes the proposed risk-targeted decision is then proposed and demonstrated through 
an application to a pipe rack, that is a common structure in petrochemical plants. In the proposed 
approach, the expected consequences of the seismic damage of industrial units are not assessed. 
Therefore, the reliability of the structure is indirectly controlled by the selection of the target risk. 
However, it may be important to develop a method for the quantitative assessment of the expected 
consequences of seismic damage to the units. This aspect becomes crucial in the case of industrial 
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facilities, where the possible consequences of damage caused by an earthquake can trigger multi-hazard 
domino effects, which can significantly increase the risk of fatalities in the entire affected area.  
 
In order to quantify the possible consequences of multi-hazard domino effects which can be triggered 
by an earthquake, a methodology for risk assessment in industrialised urban areas is introduced 
(Chapter 3). Because of the complexity of the problem and hundreds of community resilience 
indicators [54–57], it was decided to indicate the community resilience only with the fatality risk, which 
is considered in this thesis as the most important indicator. The risk metric used to measure fatality risk 
is the individual risk. The assessment of the individual risk in industrialised urban areas is treated by 
decomposing the problem into several subproblems which are described by simplified probabilistic 
models. These models are then coupled with the Monte Carlo method to estimate the annual probability 
of fatality and to calculate fatality risk maps for an area of interest.  
 
In the first section of Chapter 3, the probabilistic formulation of the methodology is provided. It is shown 
that the individual risk can be calculated as the annual rate of fatality. It is considered that fatalities can 
be caused: a) as a direct consequence of seismic damage of a unit, b) as a direct physical and/or chemical 
consequence due to the loss of containment of hazardous material, and c) as a consequence of domino 
triggered by physical and chemical phenomena such as fire, explosion, and toxic dispersion. The three 
fatality cases are sampled using Monte Carlo simulations, which thus provide the probability of fatality, 
as shown in the first section of the chapter. In the second section of the chapter, the models of the 
probabilities of the three fatality cases are investigated. It is also shown how to estimate the intensity 
measures of different physical-chemical phenomena, which contribute to the probability of fatality. 
Finally, in the third section, the capabilities of the proposed methodology are demonstrated by 
calculating fatality risk maps for a hypothetical industrialised urban area. The results are discussed and 
compared to the fatality risk obtained without consideration of multi-hazard domino effects. 
 
The individual risk does not directly provide information on the expected number of fatalities, because 
it does not take into account, by definition, the daily, the weekly and the annual migration of people in 
the area of interest. For this reason, it could be better to refer to the concept of the expected number of 
deaths per year over the entire area of interest, termed as the potential loss of life (pll). Therefore, a 
methodology to evaluate the potential loss of life for industrialised urban areas is introduced in 
Chapter 4. In order to calculate the potential loss of life, the spatial distribution of people in the area 
should be modelled. For this purpose, three population models are developed to simulate the expected 
distribution of people in different zones of the industrialised urban area. The proposed population 
models take into account the temporal variability of the distribution of people over the year. Finally, a 
risk criterion is proposed to establish the potential loss of life that can be considered as tolerable in the 
area under consideration. 
 
The tolerable loss of life is then considered as the performance objective for the performance-based 
design procedure for units of industrial facilities. However, before presenting the design procedure, it is 
necessary to identify the contributions to the fatality risk given by each unit in the area and to relate the 
objective performance expressed in terms of tolerated potential loss of life with seismic design 
parameters used by engineers. The relationship between the tolerated potential loss of life and the 
seismic design parameters of each unit of the system is the necessary condition for adjusting the 
performance of the units aimed at efficiently reducing the fatality risk. Therefore, the disaggregation of 
fatality risk in industrialised urban areas is addressed in Chapter 5. The result of such disaggregation is 
8 Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 
Doctoral dissertation. Ljubljana, UL, Faculty of Civil and Geodetic Engineering, Built Environment. 
 
a bar diagram. The height of one bar of the diagram represents the contribution of one damage state of 
a unit to the fatality risk of the industrialised urban area. The disaggregation is particularly useful for 
decision-making regarding safety issues in an industrialised urban area. For example, if the fatality risk 
in a given area of interest is above a value which is considered acceptable, the disaggregation allows 
identifying which damage state of which unit should be adjusted in order to reduce the fatality risk most 
efficiently. The disaggregation should thus be included in the risk-targeted design procedure for the 
units of an industrialised urban area. 
 
A simplified procedure for the risk-targeted design of an industrial unit is presented in Chapter 6, with 
consideration of the performance of the entire industrialised urban area. The decision model of the 
design procedure requires that the fatality risk in an industrialised urban area is lower than the tolerated 
risk. The procedure consists of five processes, namely the Damage-based fatality analysis, the 
Population analysis, the Seismic hazard analysis, the Acceptance criterion definition and the Iterative 
fatality-based adjustment of seismic fragility functions. The first four processes are self-standing and 
can be separately performed by different teams of engineers. Each of these four processes has a result, 
which is used as input for the fifth process. The fifth process is the core of the design procedure, and 
consists of an iterative process: at each iteration, the pll is calculated and compared with the tolerated 
(acceptable) potential loss of life pllt. The procedure is iterated until the pll results lower than the pllt. 
The outcome of the design procedure consists in risk-targeted fragility functions for industrial units, 
which are the seismic fragility functions for the damage states of the units such that the potential loss of 
life in the affected area is considered acceptable.  
 
Finally, the most relevant results obtained within the research work and the corresponding findings are 
presented in Conclusions. The list of references is then reported at the end of the thesis.  
 
1.4 Hypothesis and expected results from the PhD proposal 
 
The research presented in this thesis focused on the two following hypotheses: 
- The state-of-practice design procedures of a given industrial structure can be updated to account 
for a risk-targeted performance objective without increasing the complexity of the assessment 
of seismic performance. 
- Non-consideration of domino effects in the seismic design and performance assessment of 
industrial facilities can result in, respectively, unsafe design or underestimated losses. 
Moreover, the following results and scientific contributions were foreseen in the proposal of the topic 
of the thesis: 
- A risk-targeted decision model for the verification of the seismic performance of typical 
industrial units (such as pipe racks) against the operational limit state. 
- New knowledge about the importance of the factors (i.e. the location, the target risk, the 
intensity measure and the dispersion of the seismic intensity causing exceedance of the 
considered limit state) for the definition of the seismic design parameters of industrial units. 
- New knowledge about the influence of losses caused by the domino effects in the evaluation 
of the seismic performance of a system. 
- A methodology to define target fragility functions for the units of an industrial facility, which 
have to be verified in the design of industrial units in order to fulfil performance objectives 
defined at the level of the entire system. 
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The hypotheses mentioned above were verified in the research presented in the thesis. In particular, the 
first hypothesis is addressed in Chapter 2, which presents a risk-targeted decision model to update the 
design of units of industrial facilities. In the presented model, the performance objectives are defined in 
terms of target (acceptable) risk, which is taken into account by a risk-targeted safety factor. With the 
proposed model, it is possible to include the risk metrics into the design procedure without increasing 
the complexity of the seismic performance assessment, which verifies the first hypothesis. Indeed, the 
decision model can be easily adopted by engineers because the seismic demand is calculated by analogy 
to the Eurocodes. Moreover, a simplified expression for calculating the risk-targeted safety factor is also 
provided. The first hypothesis is also addressed in Chapter 6, which presents a simplified procedure for 
the risk-targeted design of industrial units. The performance objective is defined in terms of fatality risk, 
expressed as the tolerated potential loss of life in an industrialised urban area. In the proposed procedure, 
the risk assessment is based on predefined fragility functions for the units. Therefore, it does not require 
complex dynamic analyses to assess the seismic performance of the units. For this reason, the method 
can be easily used by engineers because its application does not increase the complexity of seismic 
performance assessment. 
  
The second hypothesis was also tested, as presented in Chapters 3 and 4. In particular, in Chapter 3, a 
methodology to account for the domino effects in the risk assessment of industrial facilities is presented. 
In the final part of the chapter, the new methodology is used to estimate the risk (in terms of individual 
risk) for an industrialised urban area, with and without consideration of domino effects. It is also shown 
that, if domino effects are disregarded, the estimated risk in the area might be quite biased. The 
hypothesis is further verified in Chapter 4, which presented a methodology to estimate the potential loss 
of life in an area affected by an industrial facility. In the final part of the chapter, the potential loss of 
life is estimated by both considering and neglecting the domino effects. Thus, it is proven that the 
non - consideration of domino effects results in underestimated losses in the area.  
 
The foreseen results from the PhD proposal are presented in different chapters. The first result from the 
list of foreseen results can be found in Chapter 2, which presents a risk-targeted decision model for the 
seismic design of typical industrial units. The model requires the verification of the seismic performance, 
expressed in terms of target (acceptable) risk, and is based on the definition of a risk-targeted safety 
factor. The method is applied in the thesis for the verification of the seismic performance of a pipe rack 
against the operational limit state. In Chapter 2, also the second result from the list of foreseen results is 
addressed. In particular, it is shown that the risk-targeted safety factor, which is used for the design of 
industrial units, depends on the location, the target risk, and the dispersion of the seismic intensity 
causing exceedance of the considered limit state. Through a sensitivity analysis, the influence of these 
parameters is investigated.  
 
The influence of the domino effects in the evaluation of the seismic performance of a system (i.e. the 
third expected result) is investigated comprehensively, as presented in Chapters 3 and 4. In Chapter 3, a 
methodology for the risk assessment of industrialised urban areas with consideration of multi-hazard 
domino effects is introduced. This methodology is then used in Chapter 4 to estimate the potential loss 
of life in the area. Thus, it is shown that it is possible to quantify the influence of domino effects in the 
calculation of the losses of lives. Moreover, the impact of consideration of domino effects on the 
estimated losses of lives is discussed.  
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Finally, in Chapter 6, a methodology to define target fragility functions for the units of an industrial 
facility is proposed, which presents the fourth expected result. The methodology is based on 
performance objectives defined at the level of the entire area affected by the industrial facility. In 
particular, the performance objectives are defined in terms of the tolerated potential loss of lives in the 
area. In the loss of lives assessment, the fatalities due to domino effects are also taken into account. 
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2. RISK-TARGETED DECISION MODEL FOR THE SEISMIC DESIGN OF INDUSTRIAL 
UNITS 
 
Structures in seismic regions have to be designed in such a way that the requirements of no-collapse and 
damage limitation are met (e.g. [7]). However, in the case of critical infrastructures, several other limit 
states may be recognised. Guidelines for seismic design and qualification for Nuclear Power plants, as 
discussed in [8] and several standards for the seismic design of process plants (e.g. [58,59]), take into 
account the verification of the performance of plants for the Operating Basis Earthquake (OBE) and 
Safe Shutdown Earthquake (SSE). It is required that the plant remains fully operational immediately 
after the OBE, which means that the equipment of the plant remains substantially elastic without any 
damage. In the case of SSE, specific components important for nuclear safety must be designed to 
remain functional. However, the equipment subjected to SSE may suffer some damage, provided that it 
remains functional. In addition, another performance objective in the case of petrochemical plants is that 
the loss of the hazardous material stored in the critical components of the plant has to be prevented. 
Indeed, the release of hazardous material can result in disastrous consequences not only for the plant 
itself but also for everyone living in its close vicinity [10,60,61]. If the components of the industrial 
facilities are not designed adequately, the consequences can be severe, such as quite frequently reported 
after some past earthquakes [62,63]. For these reasons, components of the critical infrastructures should, 
in general, be verified for several limit states. 
 
In conventional earthquake-resistant design, the limit states are verified by considering the seismic 
demand corresponding to a design earthquake, which is characterised by a designated occurrence rate 
(e.g. [7,14]). Such an approach is intuitive and familiar to engineers. Still, the performance of the 
structures is verified only for the seismic design intensity, whereas the effects of other earthquakes that 
may occur during the lifetime of the structures are neglected. Being aware of this issue, regulators in 
several European countries tried to increase the level of safety in seismic design by increasing the 
occurrence rate that characterises the design earthquakes [64]. However, the issue was overcome by 
introducing a risk-targeted decision model [21]. In the SAC/FEMA approach [21], the seismic demand 
and capacity are defined by engineering demand parameter (EDP). The seismic demand is 
risk - dependent, and the decision model considers safety factors at both the demand and the capacity 
side of the decision model. In practice, the application of EDP-based approach is quite challenging, as 
discussed elsewhere [65]. Alternatively, the seismic demand and the capacity can be expressed by the 
intensity measure (IM). The IM-based probabilistic formats [22,66,67] were developed before the 
EDP- based probabilistic format [21,22]. Still, their application is more practical, although the seismic 
demand in the case of the IM-based probabilistic format [22] is still risk-dependent.  
 
Later on, many variants of seismic design procedures with the consideration of risk metrics were 
introduced [26–28,30,32,68–72]. These design procedures can be iterative, based on nonlinear response 
history analysis, or non-iterative using linear elastic analysis. However, the introduction of quantitative 
risk-based design is a very challenging task because the procedure is computationally extremely 
demanding. For practical applications, simplifications are needed. One possibility, which was 
implemented in the building codes in the USA [72], involves replacing uniform hazard maps with 
risk<- targeted hazard maps, which were introduced by Luco et al. [23]. Pilot studies addressing 
risk<- targeted hazard maps for mainland France [24] and Europe [25] were also performed. The seismic 
design action based on risk-targeted design maps is also risk-dependent. An alternative is to consider 
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decision models where the seismic demand is independent of seismic risk, as in [29]. In such a case, the 
risk is controlled by the risk-targeted safety factor, which is the only safety factor applied at the capacity 
side of the decision model. The risk-targeted safety factor can be used in conjunction with nonlinear 
analysis [65] or force-based design in order to quantify a risk-targeted reduction factor [30]. 
 
In this chapter, an attempt has been made to introduce a simplified risk-targeted decision model for the 
verification of the seismic performance of units of industrial facilities (e.g. pipe racks). In this kind of 
units, it is usually possible to identify the primary structure and the equipment belonging to the structure. 
For instance, in the case of a pipe rack, the primary structure could be the frame, whereas the equipment 
is composed of the pipes carried by the frame. The decision model proposed in this chapter is applied to 
the verification of the primary structure, whereas the capacity of the structure is defined based on the 
desired performance of the critical equipment belonging to the structure. The simplified risk-targeted 
decision model is based on the comparison between demand and capacity, which is the typical approach 
of Eurocode's decision model familiar to engineers. The seismic demand is the displacement of the 
structure calculated for a certain design earthquake and is not risk-dependent. The target (acceptable) 
risk is taken into account by a risk-targeted safety factor, which is the only safety factor applied on the 
capacity side. It should be emphasised that the proposed decision model is intentionally introduced in a 
form which is similar to the decision model for the verification of damage limitation in the 
Eurocode 8 [1], which accounts for the deformation of a structure in order to prevent the exceedance of 
the damage limitation limit state.  
 
In the following section, the simplified risk-targeted decision model for the verification of the seismic 
performance of units of industrial facilities is first presented. The risk-targeted safety factor is then 
introduced for the verification of the performance of the structure in order to guarantee the desired 
performance of critical equipment with a predefined target (acceptable) probability of exceedance. The 
theoretical background for the evaluation of the risk-targeted safety factor is explained, and an 
expression for the definition of this risk-targeted safety factor in closed form is derived as well. In the 
second part of the chapter, a design procedure that includes the proposed risk-targeted decision model 
for the verification of the seismic performance is explained. An application is demonstrated through an 
example of the design of a frame belonging to a pipe rack of the type typically used in petrochemical 
plants.  
 
2.1 The simplified risk-targeted decision model for the verification of the seismic performance  
 
2.1.1 Definition of the simplified risk-targeted decision model 
 
The introduced risk-targeted decision model for the verification of the seismic performance of a structure 
is derived from the decision model for the verification of damage limitation limit state exceedance of 
Eurocode 8 [7]:  
 
D DLd d   (2.1)
 
where Dd  is the demand interstorey drift,   is a reduction factor that takes into account a shorter return 
period of the seismic action associated with the damage limitation requirement (it usually has a value 
equal to 0.4 or 0.5), and DLd  is the displacement capacity, i.e. the displacement causing the damage 
limitation limit state.  
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According to the Eurocode 8 [7], the displacement DLd  should be obtained as: 
 
DLd H  (2.2)
 
where H is the storey height and   is the proportion of the storey height associated with the 
displacement causing the damage limitation limit state.  
 
The Eurocode's decision model for the verification of the damage limitation limit state is well understood 
by engineers. The left-hand part of the decision model (Eq.(2.1)) represents the demand, whereas the 
right-hand part represents the capacity. The interstorey drift Dd  is the effect of the design earthquake, 
characterised by the basic return period associated to the verification of ultimate limit states (e.g. a return 
period of 475 years in the case of buildings of ordinary importance). The factor   is approximately 
calibrated in such a way that the product Dd   on the left-hand side of Eq.(2.1) corresponds to an 
earthquake with a lower return period (e.g. 95 years in the case of buildings of ordinary importance), as 
prescribed for the verification of the damage limitation limit state.  
 
The decision model in Eq.(2.1) may be understood as a hazard-targeted decision model because the 
demand corresponds approximately to an earthquake with a designated return period. This means that 
the model can be used to check that the seismic demand is less than the capacity, but only for the seismic 
intensity level corresponding to the selected return period of the design earthquake. The reliability of 
exceedance of the limit state is thus not known, but it is controlled by the selection of the return period 
of the design earthquake. However, specific ground motions can cause the exceedance of the limit state 
even at an intensity lower than the intensity of the design earthquake. Additionally, earthquakes with a 
higher level of intensity can occur, but their effect is disregarded in the conventional decision model, 
which is hazard-targeted. These limitations of hazard-targeted decision models may be problematic in 
the case of units of industrial facilities. Indeed, the exceedance of a limit state can trigger a loss of 
functionality and business interruption, and result in large economic losses or even societal disasters. 
For this reason, it could be advantageous to verify the seismic performance of industrial units using a 
risk-targeted decision model. This means that the performance objective is defined by the target risk of 
exceedance of the limit state rather than by the target hazard (e.g. the return period of a design 
earthquake).  
 
In order to introduce a model that is familiar to engineer practitioners, it makes sense to introduce the 
risk-targeted decision model with minimal modifications of the well-known hazard-targeted decision 
model used in Eurocode 8. This can be achieved by replacing the factor   into the conventional Eq.(2.1) 










where Dd  is the demand displacement, RT  is the risk-targeted safety factor, and LSd  is the best estimate 
of the displacement causing the exceedance of a certain limit state (e.g. the operating basis limit state or 
the safe shutdown limit state). It is worth emphasising that the seismic demand is in general aleatoric, 
while the displacement Dd  in the decision model of Eq.(2.1) is a deterministic variable. Therefore, in 
the model proposed in this paper, the aleatoric nature of Dd  is indirectly taken into account by the safety 
factor RT . Thus, the RT , which will be derived in the following section, accounts for the seismic 
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action, the target risk and the effect of the seismic design intensity used to evaluate the demand 
displacement Dd .  
 
The definition of the proposed risk-targeted decision model (Eq.(2.3)) is similar to that of Eq.(2.1). 
Indeed, it is still based on the concept of comparing demand and capacity, and the demand still 
corresponds to a certain return period of the design earthquake. The capacity is instead controlled by the 
physical damage corresponding to the desired limit state and by a risk-targeted safety factor. However, 
assumptions are needed in the calculation of the risk-targeted safety factor, because the response of the 
structure, which is not yet fully defined in the design phase, cannot be precisely evaluated. The details 
about this are explained below. 
 
2.1.2 The risk-targeted safety factor  
 
The risk-targeted safety factor RT  is derived in such a way that the decision model introduced by 
Eq.(2.3) implicitly ensures that the annual probability of exceeding a limit state, LSP , is lower than the 
target (acceptable) annual probability ,t LSP . In this section, the theoretical background of the 
risk - targeted design approach is firstly presented, followed by the derivation of the risk-targeted safety 
factor RT . 
 
2.1.2.1 The framework of the risk-targeted design approach 
 
In the framework of the risk-targeted design approach, the performance of a structural system is 
acceptable if the annual probability of exceedance of a certain limit state (e.g. the operating basis limit 
state or the safe shutdown limit state), LSP , is lower than the target probability ,t LSP . 
 
,LS t LSP P  (2.4)
 
This criterion was used for the development of SAC/FEMA approach [21] and has been used in the last 
years for many variants of risk-targeted seismic design procedures (e.g. [69,70]). In a hypothetical case, 
the performance of a structure can be considered optimal, which means that the inequation (Eq.(2.4)) 
transforms into the equation: 
 
,LS t LSP P  (2.5)
 
where ,t LSP  is the target probability of exceedance of the designated limit state, which is an input 
parameter in the risk-targeted design approach, and LSP  is the annual probability of exceedance of a 
limit state due to the effects of earthquakes. The probability of exceedance of a limit state in a period 
t  can be modelled as a homogenous Poisson process. Therefore, for a period t =1 year in which the 
rate of exceedance the limit state LS  can be considered constant, the probability LSP  can be computed 
as follows: 
 
(1 )1 LS yearLSP e
    (2.6)
 
From Eq.(2.6) it can be easily seen that LS LSP   when 
210LSP
 . The basis for the calculation of LS   
is the conventional risk equation [16,73,74]: 
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( | )LS LS IMP P LS IM im d 

    (2.7)
 
where LS  is the rate of exceedance of the limit state over one year, IM is a random variable representing 
the seismic intensity measure, im is the value of the seismic intensity measure, and IMd  is the derivative 
of the hazard curve at the site of the structure (e.g. Figure 2.1a), which expresses the annual rate of 
exceeding a given intensity measure. The term P(LS | IM = im) represents the seismic fragility function 
for the designed Limit State (LS) (e.g. Figure 2.1b). Note that because the objective of this study is to 
verify the performance of the primary structure, the spectral acceleration at the fundamental period of 
the structure can be considered as the appropriate seismic intensity measure. In such a case, the seismic 
fragility function is indicated as P(LS | S = Sa), where S is the random variable representing the spectral 
acceleration and aS  is the value of the spectral acceleration at the fundamental vibration period. 
However, if the dynamic coupling between the primary structure and the equipment is significant, then 
some other seismic intensity measure may be better for the risk evaluation. 
 
(a) (b) 
Figure 2.1: (a) the hazard curve and the spectral acceleration Sa,TR corresponding to the rate of exceedance equal 
to the inverse of the return period TR, and (b) an example of fragility function showing the median spectral 
acceleration Sa,LS 
 
By considering Eq.(2.6) and Eq.(2.7), and assuming the spectral acceleration aS  as seismic intensity 




( | )a IM t LSP LS S S d P

   (2.8)
 
It should be reminded that the target probability of exceedance of the designated limit state, ,t LSP , is an 
input parameter in the risk-targeted design approach. Therefore, the fragility function P(LS | S = Sa) is the 
only unknown term in Eq. (2.8). It can be thus deduced that, in order to satisfy the hypothetical condition 
expressed by Eq.(2.5), the structure should be designed in such a way to be characterised by a fragility 
function P(LS | S = Sa) which satisfies Eq.(2.8). Note that this concept was used in [23] for the 
development of risk-targeted seismic design maps. This fragility function, which in the design phase is 
still unknown, can be termed as "risk-targeted fragility function", because it is the fragility function that, 
when coupled with the seismic hazard function, fulfils the condition ,LS t LSP P . However, this function 
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The risk-targeted fragility function can be calculated analytically using a simplified procedure. First, it 
can be assumed that the seismic hazard curve IM  is a linear function in a logarithmic domain 







where k  is the slope and 0k  is the intercept of the linear fitting of the hazard curve. Moreover, it can be 
assumed that the fragility function is a lognormal distribution function (Figure 2.1b) defined by ,a LSS  
and LS , which represent, respectively, the median aS  causing the limit state and the corresponding 







   (2.10)
 







LS a LSP k S e

   (2.11)
 





, 0 , ,
t LSk
k




where , ,a t LSS  and ,t LS , represent, respectively, the median aS  causing the limit state for a given target 
risk (i.e. the risk-targeted spectral acceleration), and the corresponding logarithmic standard deviation. 
By considering Eq.(2.11) and Eq.(2.12) together, and by assuming the standard deviations LS  and ,t LS  
are equal, the condition in Eq.(2.5) may be transformed in the following: 
 
, , ,a LS a t LSS S  (2.13)
 
This means that, in the case of optimal structural design, the criterion from Eq.(2.5) can be transformed 
to the criterion of the spectral accelerations. The risk-targeted spectral acceleration , ,a t LSS  can then be 


















   
(2.14)
 
Alternatively, the risk-targeted spectral acceleration , ,a t LSS  can be determined by numerical methods by 
satisfying Eq.(2.8). First, it is assumed that the risk-targeted fragility function is defined by parameters 
, ,a t LSS  and ,t LS . However, only one parameter of the risk-targeted fragility function can be calculated 
from Eq.(2.8). For this reason, it is recommended that a value of ,t LS  is assumed, which can be derived 
by means of parametric studies for different types of structures [76,77]. As a consequence, the only 
unknown parameter in Eq.(2.8) is the spectral acceleration , ,a t LSS , which can be calculated by bisection 
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or by any other numerical method in order to satisfy Eq.(2.8). The risk-targeted spectral acceleration 
, ,a t LSS  causing the limit state, which is determined either by numerical methods by satisfying Eq.(2.8), 
or according to Eq.(2.14), is used for the evaluation of the risk-targeted safety factor RT , as discussed 
below. 
 
2.1.2.2 Derivation of the risk-targeted safety factor 
 
The starting point for the derivation of RT  is the simplified risk-targeted decision model (Eq.(2.3)). In 
a hypothetical case, the performance of a structure should be optimal, which means that the inequation 








  (2.15) 
 







   (2.16) 
 
which means that the risk-targeted safety factor is, by definition, the ratio between the displacement 
causing the exceedance of a certain limit state, LSd , and displacement demand Dd , which, however, is 
not known, because the structure is not yet defined. In order to evaluate the RT  according to Eq.(2.16), 
the displacements Dd  and LSd  are related to the seismic intensity measures ,a TRS  and ,a LSS . Note that  
,a TRS  is the spectral acceleration causing the demand displacement Dd , i.e. the spectral acceleration at 
the return period of the seismic action RT , and ,a LSS  is the unknown spectral acceleration causing the 
displacement associated with the limit state. As mentioned at the beginning of the chapter, the limit 
states that are usually considered for the industrial units require that the plant remains functional or that, 
at least, the safe shutdown is guaranteed. Until the occurrence of these limit states, structures are not 
allowed to exhibit any significant nonlinear behaviour, which means that the relationship between 
displacements and accelerations can be linear (red line in Figure 2.2). As a consequence, the 
displacements and accelerations are proportional, and the ratio between Dd  and LSd  from Eq.(2.16) can 








  (2.17) 
 
However, it was previously shown that, in the case of optimal design, the ,a LSS  is equal to the risk-
targeted spectral acceleration , ,a t LSS  (Eq.(2.13)). This is shown schematically in Figure 2.2 through the 
Incremental Dynamic Analysis (IDA) [18] curves of an "optimally designed" structure, which present 
the relationships between displacements and spectral accelerations. 
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Figure 2.2: Schematic representation of IDA curves for an "optimally designed" structure (Sa,LS = Sa,t,LS) and the 
relationship between spectral acceleration and displacement for the linear elastic system 
 
On the basis of the above assumptions, and by taking into account Eq.(2.13), Eq.(2.16) and Eq.(2.17), 









   (2.18)
 
From the numerator in Eq.(2.18) it can be concluded that the risk-targeted safety factor depends on the 
target risk, on seismic hazard function, and on the assumed value of LS , whereas the denominator 
depends on the return period of the design earthquake and on the seismicity at the site of the structure. 
Note that Eq.(2.18) can also be considered valid in the case of nonlinear behaviour of a structure, and if 
the first vibration period is greater than TC (i.e. beyond the intersection between the constant-acceleration 
and the constant-velocity range of the acceleration response spectrum defined in building codes). In such 
cases, the "equal displacement rule" applies [78,79], which means that the displacements of the linear 
elastic structure are "equal" to those of the nonlinear structure. However, in the cases when the equal 
displacement rule does not apply, i.e. in the case of structures with short fundamental vibration periods, 
the definition of the risk-targeted safety factor can be found elsewhere [29].  
 
Two different solutions are proposed for the evaluation of RT : the numerical solution and a closed-
form solution. The numerical solution is based on the direct application of Eq.(2.18). In this case, , ,a t LSS  
in Eq. (2.18) can be derived by the numerical integration of Eq.(2.8) by assuming a dispersion LS , by 
considering the hazard function at the site, and by satisfying Eq.(2.8) in such a way that the annual 
probability of exceedance is equal to the target ,t LSP , as discussed in the previous section. The ,a TRS  in 
Eq.(2.18) can be directly evaluated from the hazard function at the site, for a designated return period 
of the seismic design action. In the application of Eq.(2.18), which follows below, it is assumed that the 
return period of the seismic design action is associated with the ultimate limit state (e.g. return period 
of 475 years in the case of force-based design). Any other return period of the seismic design action can 
be used, but it is convenient to use only one return period of seismic action for the verification of all 
limit states. Such an approach simplifies the process of the seismic analysis because seismic demand is 
calculated only for one level of the seismic action, whereas the verification of the limit state is adequately 
calibrated by the risk-targeted safety factor RT . 
 
Alternatively, the closed-form solution of RT  can be obtained by assuming that the design spectral 
acceleration ,a TRS  is evaluated from the approximate hazard function 0
k
IM ak S
 , for the selected 
return period RT : 
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a TR RS k T  (2.19)
 
By substituting Eq.(2.19) and Eq.(2.14) into Eq.(2.18), the risk-targeted safety factor can be derived in 







RT R t LSe T P

     (2.20)
 
Eq.(2.20) is a very simple equation providing an insight into the risk-targeted safety factor with respect 
to the slope of hazard curve k , the target fragility function (through LS ), the return period of the 
seismic design action RT , and the target probability of exceedance of the limit state affect ,t LSP  [82].  
 
2.1.2.3 Sensitivity analysis of the risk-targeted safety factor to input parameters 
 
In order to provide an insight into the importance of the parameters affecting the risk-targeted safety 
factor RT , a sensitivity analysis was performed based on the closed-form solution (Eq.(2.20)). The 
scope of this sensitivity analysis is to investigate the sensitivity of RT  to the variation of target 
probability ,t LSP , standard deviation LS , and slope k of the hazard function. The return period of the 
seismic action RT  in Eq.(2.20) was considered equal to RT = 475 years, which is the usual return period 
of the seismic design action, as prescribed in Eurocode 8 for ordinary buildings. The risk-targeted safety 
factor depends on the return period RT  of the seismic action, as shown by Eq.(2.20). However, the choice 
of the return period does not affect the final result of the proposed decision model (Eq.(2.3)). Indeed, 
the demand displacement Dd  and the risk-targeted safety factor RT  from Eq.(2.3) correspond to the 
same return period of the seismic design action. Therefore, if a different return period of the seismic 
design action is considered, both RT  and Dd  will change, and the decision model will provide the same 
outcome.   
 
The sensitivity of RT  to variation of the target probability ,t LSP  [5∙10-4, 5∙10-3] is presented in 
Figure 2.3 for four values of LS = [0.1; 0.2; 0.3; 0.4]. The seven different curves in each diagram 
represent the effect of the different slopes of the hazard curve k, ranging from k = 1.5 to k = 3. Note that 
the red dotted line in Figure 2.3 highlights a particular value of ,t LSP  which is equal to the inverse of the 
considered return period of the design earthquake ( RT = 475 years, i.e. , 1 /t LS RP T = 0.0021). From 
Figure 2.3 it can be seen that RT  increases as the target probability ,t LSP  decreases and that this trend 
is more pronounced in the case of lower values of k . The value of RT  increases by a factor of up to 5 
if ,t LSP  is decreased ten times (e.g. from 10
-3 to 10-4).  Furthermore, it can be seen that RT  is a linear 
function of ,t LSP  within the logarithmic domain (see Figure 2.4 for LS = 0.1). 
 
An inflection point of the RT  functions can be observed in each of the diagrams shown in Figure 2.3. 
In correspondence to this inflection point, the value of RT  is the same for every value of k. This 
observation can be used to find a strategy to minimise the dependence of RT  with respect to the slope k  
of the hazard curve, as detailed below. 
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 (a)  (b) 
 (c)  (d) 
Figure 2.3: The sensitivity of RT to the target probability Pt,LS for different values of the slope of hazard curve k, 
and for (a) LS = 0.1, (b) LS = 0.2, (c) LS = 0.3, and (d) LS = 0.4 
 
 
Figure 2.4: The RT as a function of Pt,LS in the logarithmic domain, for different values of the slope of hazard 
curve k and forLS = 0.1 
 
The parameter k represents the slope of the approximate hazard curve in a logarithmic domain (Eq.(2.9)). 
Figure 2.5 shows the example of the hazard curve for the site of Ljubljana, soil type C, considering the 
spectral acceleration at vibration period T = 1.1 s as intensity measure. From Figure 2.5, it can be seen 
that the hazard curve is not linear in the entire range of the considered intensity measures on the x-axis. 
However, the hazard curve can be considered linear if a small range of intensities is of interest (e.g. red 
line in Figure 2.5). An issue is how to determine the more appropriate interval of intensity measures to 
consider for the linear approximation. In [83] and [84] it is suggested that the most appropriate way to 
estimate parameter k  is to approximate the hazard function to a linear function over the interval between 
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example, in the case of the red line in Figure 2.5, k is equal to 1.6, whereas k is 2.1 in the case of the 
green line in Figure 2.5. Therefore, the selection of a value for the slope k of the hazard curve is a source 
of uncertainty. According to Eq.(2.20), the risk-targeted safety factor RT  depends on the slope k. 
Therefore, the uncertainty associated with the selection of k is also reflected in the RT . For this reason, 
it could be advantageous to minimise the dependence of RT  on the slope k of hazard curve. 
 
 
Figure 2.5: The hazard curve at the site of Ljubljana and soil type C for the spectral acceleration at T = 1.1 s, with 
highlighted two possible linear fittings 
 
It was shown in Figure 2.3 that the dependence of RT  from k is minimised in correspondence to an 
inflection point. In the hypothetical case of LS = 0, the inflection point occurs for a target probability 
,t LSP  equal to the inverse of the return period of the design earthquake ( , 1/t LS RP T ). This can be proved 
by substituting , 1/t LS RP T  and LS = 0 into Eq.(2.20), as in the following: 
 




      (2.21)
 
In Eq.(2.21), it is shown that for , 1/t LS RP T  and LS = 0, the risk-targeted safety factor RT  is equal 
to 1 and does not depend on k. Therefore, the inflection point occurs in correspondence of , 1/t LS RP T  
and thus depends on RT . In order to observe the dependence of the inflection point on RT , Figure 2.6 
shows the RT  evaluated according to Eq.(2.20) for different values of the return period, i.e. 
RT  = [300; 400; 475; 600; 800] years, and LS = 0. For each value of RT  seven curves are plotted, which 
are obtained for k  ranging from k = 1.5 to k = 3. From Figure 2.6 it can be observed that the inflection 
point of the RT  functions always occurs for , 1/t LS RP T . However, the results in Figure 2.6 were 
obtained assuming LS = 0. With increasing values of LS , the inflection point of the RT  functions 
moves towards lower values of ,t LSP  (see Figure 2.3a, Figure 2.3b, Figure 2.3c and Figure 2.3d).  
 
It is worth noticing that the return period RT  associated with the design earthquake can be decided by 
the designer because the choice of the return period does not affect the final result of the proposed 
decision model (Eq.(2.3)). Indeed, if a different RT  is considered, both RT  and Dd  will change. Then, 
the decision model in Eq.(2.3) will provide the same outcome, as discussed at the beginning of this 
section. On the other hand, the target risk ,t LSP  is an input parameter, decided by the stakeholders. 
Therefore, it could be smart to select a return period RT  such to minimise the dependence of RT  on the 
slope k  of the hazard curve. In particular, by tuning the return period RT  associated with the design 
earthquake, the inflection point of RT  can be moved towards the input value of ,t LSP .  
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Figure 2.6: The RT as a function of Pt,LS for different values of the slope of hazard curve k, for the return periods 
TR = [300; 400; 475; 600; 700; 800] years, and LS = 0, with the indication of inflection points 
 
An example is shown in Figure 2.7, where RT  is plotted for the case of LS  = 0.1 and 
RT  = [500; 600; 650; 800] years. For each value of RT  seven curves are plotted, which are obtained for 
k  ranging from k = 1.5 to k = 3. For example, in Figure 2.7, it is assumed that the input target probability 
is ,t LSP = 1.5∙10
-3. It can be observed that, in correspondence to the input ,t LSP  (black line in Figure 2.7), 
the variation of RT  with respect to k  is minimised when RT = 650 years. Therefore, if the return period 
RT  = 650 years is selected for the seismic design action, the error due to the approximation of the hazard 
curve (Figure 2.5) will not affect the RT . However, this discussion is not relevant if the risk-targeted 
safety factor is evaluated by numerical solution, as in the following section. Indeed, in that case, the 
calculation of RT  is directly obtained from the probabilistic seismic hazard analysis and does not 
require the linearisation of the hazard curve.  
 
 
Figure 2.7: The RT as a function of Pt,LS for different values of the slope of hazard curve k, for the return periods 
TR = [500; 600; 650; 800] years, and for LS = 0.1. The variation of RT with respect to k is highlighted for 
Pt,LS = 1.5∙10-3 
 
2.1.2.4 Evaluation of the risk-targeted safety factor by the numerical solution for selected cases 
 
In the previous section, the risk-targeted safety factor, RT , has been investigated by using the 
closed - form solution (Eq. (2.20)). In this section, the RT  is analysed for the hazard curves directly 
obtained from the probabilistic seismic hazard analysis, using the numerical solution, i.e. by direct 
application of Eq.(2.18). The spectral acceleration ,a TRS , which is at the denominator of the expression 
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of RT  (see Eq.(2.18)), was obtained directly from the seismic hazard function (see Figure 2.1a), and 
the selected return period was consistent with the Eurocode 8 requirements for buildings of ordinary 
importance, i.e. RT = 475 years. The spectral acceleration , ,a t LSS  at the numerator of Eq.(2.18) was 
evaluated from the numerical solution of Eq.(2.8), i.e. by fixing a target probability, by assuming a 
dispersion LS , and by considering the hazard curve at the site of the structure. In this way, the error 
due to the approximation of the hazard function in the closed-form solution is eliminated.  
 
Both ,a TRS  and , ,a t LSS  depend on the hazard curve, which can change for different selected locations. 
Moreover, the hazard curve depends on the type of intensity measure (e.g. spectral acceleration Sa at 
vibration periods). Consequently, the risk-targeted safety factor RT  also depends on the type of 
intensity measure. This impact was also investigated by taking into account the hazard curves 
corresponding to the spectral acceleration at 20 different fundamental periods, ranging from T = 0.1 s to 
T = 2.0 s. Three different locations were taken into account: Bologna, Ljubljana, and Skopje. They are 
all characterised by the same reference peak ground acceleration (PGA=0.25 g) according to European 
Seismic Hazard Map 2013 [85]. The hazard curves for spectral acceleration at T = 0.1 s, T = 1.0 s and 
T = 2.0 s are presented in Figure 2.8 for all three investigated sites. 
 
 
Figure 2.8: Hazard curves for Bologna, Ljubljana and Skopje. For each location, the hazard curves are presented 
for three intensity measures (spectral acceleration at T = 0.1s, T = 1.0s and T = 2.0s). 
 
The risk-targeted safety factor RT  was obtained by using the numerical solution. A range of target 
probabilities between ,t LSP = 5∙10
-4 and ,t LSP = 5∙10
-3 was selected. The results are shown for the value of 
the standard deviation LS  selected for the operational limit state ( LS  = 0.10). Such a low dispersion 
was considered because structures are usually almost elastic at the operational limitation state. The 
results for Bologna, Ljubljana and Skopje are presented in Figure 2.9. The twenty curves shown in each 
figure were obtained by taking into account the 20 seismic hazard curves corresponding to the different 
fundamental periods. 
 
The results indicate that RT  is only slightly affected by different locations. For each of the selected 
target probabilities and spectral acceleration at a given period, the variation of RT  between the different 
locations is never greater than 10%. From Figure 2.9, the variation of RT  due to the impact of different 
intensity measures (Sa(T)) can also be observed. The lowest dispersion of RT  can be observed at 
, 1/t LS RP T = 0.0021, where the functions of RT  tend to intersect. For lower values of ,t LSP , the impact 
of the seismic intensity measures on RT  increases. The RT  can vary by up to 30% between the cases 
of the spectral acceleration at T = 2.0 s and T = 0.1 s. 
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Figure 2.9: The RT as a function of the target probability of exceedance Pt,LS for (a) Bologna, (b) Ljubljana and 
(c) Skopje. 
 
As mentioned above, the results presented in Figure 2.9 are not affected by the error due to the linear 
approximation of the hazard curve. On the contrary, the results obtained using the closed-form solution 
(Eq.(2.20)) depend on the slope k of the linear approximation of the hazard curve. The entity of the error 
due to the linear approximation is investigated in the following.  The case of the hazard curve for the 
location Ljubljana was considered and the spectral acceleration at T = 1.0 s was selected as intensity 
measure. Figure 2.10a presents the hazard function at T = 1.0 s with the indication of the linear 
approximation used to estimate the slope k. The value k = 2.1 was obtained by constraining to return 
periods of 475 and 10000 years, as in [30]. The risk-targeted safety factor RT  was then calculated 
according to the closed-form solution (Eq.(2.20)), with k = 2.1, for the range of target probabilities 
between ,t LSP = 5∙10
-4 and ,t LSP = 5∙10
-3. Standard deviation LS  = 0.10 was selected, and RT = 475 years 
was considered. The so obtained RT  is plotted in Figure 2.10b as a function of the ,t LSP . In the same 
figure, the RT  obtained using the numerical solution, as presented in this section, is also plotted. 
 
From Figure 2.10b, it can be observed that the difference between the numerical solution and the closed-
form solution is negligible for the entire set of target probabilities ,t LSP . However, it should be reminded 
that this result is affected by the proper choice of the slope of linear approximation of the hazard 
function k. If the value of k is not reliable, then the possible error due to k may be reduced by tuning the 
value of the return period of seismic action, RT , as discussed in the previous section. 
R
T
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 (a)  (b) 
Figure 2.10: (a) hazard curve for Ljubljana and for T = 1.0s, with the indication of the linear fitting; (b) the RT as 
a function of the target probability of exceedance Pt,LS using the numerical solution and the closed-form solution 
 
2.2 Risk-targeted design procedure for units of industrial facilities 
 
Structures in seismic regions are designed in such a way that the requirements of no-collapse are met. 
However, even if the design of a certain structure complies with the no-collapse requirements, the 
verifications for other limit states may not be satisfied. This can be the case of the units of industrial 
facilities, for which the verification of the limit states aimed at ensuring the functionality and operability 
of the facility (operational limit state) may be stricter than the verification of no-collapse limit state. In 
this case, the design of the structure should be governed by the operational limit state requirements.  
 
The proposed risk-targeted decision model (Eq.(2.3)) can be applied to the design of units of industrial 
facilities, for which the maintenance of functionality is a primary objective. The design procedure that 
includes the proposed risk-targeted decision model consists of the following steps: (1) definition of the 
relevant data; (2) assessment of the displacement capacity; (3) evaluation of the displacement demand; 
(4) calculation of the risk-targeted safety factor; (5) verification of the performance and structural 
adjustments if the limit state is not verified. In general, structural adjustments and some iterations may 
be needed in order to optimise the design. Each step of the proposed design procedure is described 
below. 
 
Step 1: Definition of the relevant data. The necessary information about the structure to design, such as 
the materials (reinforce concrete, steel, etc.), the geometry (e.g. the number of bays and storeys, the span 
lengths, and the storey heights), and the applied loads and masses, has to be defined. The location of the 
structure has to be known, together with the soil type. Furthermore, for the evaluation of the 
displacement capacity, it is important to acquire data about the different equipment which, if damaged, 
could affect the functionality of the whole plant. For example, a simple interruption of a cooling system 
can bring the reactor to a stop, or slight damage to a pipe can cause a massive leakage and stopping of 
a process. The positions, geometry, and material properties of these components need to be defined. It 
is also important to have information about how the components are connected and fixed to the structural 
systems. 
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Step 2: Assessment of the displacement capacity. This step aims to calculate the displacement LSd
(Eq. (2.3)). It is suggested that LSd  is evaluated through three sub-steps: 
 
Step 2.1: Identification of the equipment that can cause functionality interruption. The critical 
equipment, which failure may cause the interruption of the functionality of the plant, need to be 
identified. It could be one important pipe carrying essential fluid for the processes of the plant, 
or a particular vessel or machine without which the operation of the plant has to be terminated. 
The outcome of this sub-step depends on the type of plant and on its layout. The result is a list 
of critical equipment. 
 
Step 2.2: Definition of the intolerable damage state of the critical equipment. Once the critical 
equipment has been identified, the performance criterion corresponding to the exceedance of 
the designated limit state has to be defined. For example, it could be damage of a pipe, or fracture 
of an anchor bolt system of a vessel, or other occurrences depending on the type of equipment. 
The performance criterion can be related to a damage state, usually quantified in terms of limit 
stresses or strains for the equipment.  
 
Step 2.3: Assessment of the structural displacement that causes the occurrence of the intolerable 
damage state of the critical equipment. The structural displacement causing a certain damage 
state is evaluated in this step for each critical equipment. A reliable numerical model of the 
critical equipment may need to be developed. It is assumed that the equipment can be modelled 
independently of the structure. Still, it is important to consider adequate boundary conditions in 
order to simulate the interaction with the structure. The results of (nonlinear) static or dynamic 
analyses of the equipment are then used to estimate the displacement capacity LSd , as explained 
in the next section for a specific example.  
 
Step 3: Evaluation of the displacement demand. The displacement demand Dd  of the structure is 
evaluated by seismic analysis, which is performed on the basis of the seismic design action associated 
with return period RT . For this purpose, a proper model of the structure has to be developed and analysed. 
The seismic demand is estimated through linear elastic analysis, like in the case of classical design 
criteria of Eurocode 8.  
 
Step 4: Calculation of the risk-targeted safety factor. The risk-targeted safety factor RT  can be directly 
estimated from Eq.(2.18) (the numerical solution) or by using the closed-form expression (Eq.(2.20)). 
Firstly, the acceptable (target) probability ,t LSP  has to be defined. Depending on the importance of the 
critical equipment, several different values of ,t LSP  can be defined for each critical equipment identified 
in step 2.1. A value for the standard deviation LS  has to be assumed. A very good proxy for LS  can 
be obtained through parametric studies (e.g. [76,86]). It is also suggested that values of  LS  should be 
eventually defined in the code, as proposed in the informative Annex F of the final draft of 
Eurocode 8 [77]. Values of RT  are calculated for each critical equipment by taking into account a 
unique seismic hazard function, the defined ,t LSP  and the assumed LS . The largest value is used in the 
proposed risk-targeted decision model. If the seismic hazard analysis is not performed for the site of the 
plant, at least the slope k of the linear seismic hazard function in the logarithmic domain has to be 
defined, in order to calculate the risk-targeted safety factor RT  according to Eq.(2.20). 
 
Step 5: Verification of the performance and structural adjustments. The displacement demand Dd  
obtained from Step 3 is compared to the displacement capacity LSd  (Step 2) divided by RT  (Step 4), 
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according to the decision model of Eq.(2.3). If the demand is greater than the capacity, the performance 
of the system is not verified for the designated limit state. This means that the structure or the critical 
equipment of the system needs to be adjusted. For example, in order to reduce the demand displacement, 
the stiffness of the structure could be increased (e.g. by increasing the dimensions of sections of the 
structural elements or by changing the structural system), or the restraint of the critical equipment could 
be modified. Steps 3 to 5 have to be re-evaluated iteratively until the demand is at least equal to the 
capacity. Eventually, the final configuration is obtained.  
 
It should be noted that the introduced step-by-step procedure takes into account only one limit state. 
However, the same procedure can be used to verify the performance of the structure for other limit 
states, e.g. for the safe shutdown condition. It should also be noted that the critical equipment, the failure 
of which causes functionality interruption of the plant, can be acceleration-sensitive and not only 
deformation-sensitive, as addressed in Step 2. In this case, the floor acceleration controls the limit state, 
and it would be more appropriate to verify the exceedance of the limit state by using the IM-based 
decision model, as introduced elsewhere [29]. Furthermore, the dynamic interaction between the 
structure and the equipment cannot always be neglected. For instance, in the case of a primary structure 
supporting pipes, ASME B36 [59] prescribes that the interaction cannot be neglected if the ratio between 
the weights of pipes and the weight of the supporting structure is more than 25%. In such a case, the 
assumption that the equipment can be modelled independently of the structure may be too simplistic. 
This issue can be solved by developing a coupled model of structure and equipment in order to 
evaluate LSd .  
 
2.3 Application of the risk-targeted design procedure to a typical pipe rack 
 
The design procedure that includes the simplified risk-targeted decision model is demonstrated through 
an example of a simple pipe rack for a petrochemical plant. In petrochemical plants, as well as in other 
industrial facilities, pipe racks are used in order to support pipes, power cables, instrument cable trays 
and, occasionally, mechanical equipment, vessels, and valve access platforms. They are typically long, 
narrow structures, characterised by transverse moment-resisting frames, meant to allow maintenance 
access underneath them [87]. In the state-of-practice, the design of pipes and pipe racks is carried out 
separately, like in the procedure proposed in the previous section. Pipes are considered part of the 
mechanical equipment and are usually designed by a mechanical engineer using the allowable stress 
concept [88]. Pipe racks are instead treated as frame structures, which are designed by structural 
engineers using structural codes. The interaction with pipes is usually taken into account only by 
considering the pipe loads and masses. However, it is important to take into account the deformation of 
structures in order to prevent failure of the equipment, which can be done by the application of the 
proposed design procedure. 
 
In the example, a typical petrochemical plant is considered. It consists of a massive reinforced concrete 
tank, a piping system, and a steel pipe rack (Figure 2.11). A similar example can be found in [89], but 
in this case, the pipe rack is made of steel instead of reinforced concrete. The example is presented 
following the five steps of the procedure proposed in the previous section. It is assumed that the 
operational limit state governs the design. First, information about the structure and the equipment is 
given (Step 1), and then the displacement capacity is assessed (Step 2). Since it is assumed that the 
operational limit state governs the design, the displacement capacity is the displacement causing the 
exceedance of the operational limit state. In order to assess it, a model of critical equipment is developed 
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and described. Then, the seismic demand is evaluated by means of linear elastic analysis of the structure. 
The risk-targeted safety factor (Step 4) is then evaluated, and finally, the performance of the structure is 
verified (Step 5).  
 
Step 1: The objective is to design the frames of the pipe rack in Figure 2.11. The structural configuration 
is the most typical one, as discussed by [87,88,90], and consists of transverse Moment-Resisting Frames 
(MRFs) connected through longitudinal beams. The geometry of the transversal MRFs is the same as 
that of the external MRF of the pipe rack in [60] and [91], i.e. it consists of 3 storeys and one bay. The 
height of the ground-level storey is 5.0 m, whereas the height of the other two storeys is 2.0 m. The span 
length is equal to 6.0 m. Steel of quality S275 was taken into account for the HEB and IPE profiles, 
selected for the columns and beams respectively. The site is Ljubljana, soil type C, characterised by 
PGA=0.25g. 
 
The piping layout for only one pipe is presented in Figure 2.11, but the presence of other pipes was 
taken into account in terms of masses. The layout consists of a straight pipe (pipe B), supported by the 
beams of the transverse frames, and a perpendicular pipe (pipe A) connected to a tank. This layout is 
very typical of petrochemical plants, where pipes carry fluids from and to tanks, and reach other parts 
of the plant, being supported by pipe racks.  
 
 
Figure 2.11: The layout of the pipe rack and piping system under consideration 
 
The connections between the pipe and the pipe rack are the same as those considered in [60]. Thus, it is 
assumed that the mechanical supports connecting the pipes to the pipe rack in the X direction are rigid. 
In contrast, in the Y direction, the pipe can freely slide on the rack when it moves in the rack's 
longitudinal direction. For this reason, the excited mass of the pipes is not transferred to the rack for 
seismic actions in the Y direction. Consequently, the seismic design for the operational limit state of the 
entire pipe rack can be restricted to the design of the MRFs in the X direction. 
 
The considered pipe is a 6 inch SCH80 [59], characterised by an external radius of 168.3 mm and a wall 
thickness of 11.0 mm. The material is stainless steel grade ASTM A312/TP304L, characterised by a 
yield strength of 277.3 MPa, as defined by experimental tests performed during the 
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Step 2: The displacement capacity (operational-limit-state displacement) is evaluated following the 
three sub - steps presented in the previous section. 
 
Step 2.1: The functionality of a pipe rack in a petrochemical plant is related to the performance of the 
pipes, which are the critical equipment. Indeed, if pipes are damaged, the ordinary operations of the 
plant are interrupted, thus causing a shutdown in functionality. In the case of this specific example, it is 
assumed that all the pipes are characterised by the same radius, thickness and material so that only one 
pipe needs to be identified as critical equipment (Figure 2.11). 
 
Step 2.2: In this example, the operational limit state of the structure was selected based on damage levels 
of the pipes, which were classified in [88] and presented in Table 2.1. The damage levels 
"No damage" (DL0), "Minor damage" (DLI), "Major damage without loss of containment" (DLII), and 
"Major damage with loss of containment" (DLIII) were defined in terms of the intervals of tensile and 
compressive strains. For this particular example, the operational limit state was defined by the minor 
damage (DLI), which means that major damages of the pipes are prevented. It is thus assumed that the 
operational limit state is exceeded when the tensile or the compressive strains exceed the upper limiting 
values of the interval of strains defined for DLI (i.e. when T P   or C Cu  , Table 2.1). It should be 
noted that in some cases, even the conditions of minor damage without loss of containment (DLI) could 
require the interruption of operation of a plant. However, the choice of a different damage level does 
not affect the application of the proposed decision model. 
 





Local strain Damage levels  
and corresponding ranges 
Tensile 
fracture 
Tensile strain T  T y   0 
y T P     I 
P T Tu     II 
T Tu   III 
Local 
buckling 
Compressive strain C  C y   0 
y C Cu     I 
5Cu C Cu     II 
5C Cu   III 
 
The damage levels are identified on the basis of tensile and compressive strains. The tensile limit strain 
Tu  is assumed to be 2%, as suggested by [88]. The strains y  and P  correspond to the yielding and 
the plastic strain of the pipe steel, respectively. The compressive strain resistance Cu  is expressed by 
the following relationship [10,93]: 
 
2











where pt  is the thickness of the pipe wall, pD  is the pipe's external diameter, h  is the internal pressure, 
and sE  is the corresponding Young modulus. 
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In order to evaluate the type of structural engineering demand parameter that causes damage to the pipe, 
the layout in Figure 2.11 has to be analysed. When the MRF (coloured red in Figure 2.12) moves in its 
in-plane direction (i.e. in the X direction), the mechanical support at node 1 allows pipe A to slide on 
the rack. Because of the support at node 3, which prevents relative displacements in the transverse 
direction, pipe B is forced to move together with the pipe-rack, as shown schematically in Figure 2.12. 
The movement of the rack causes the opening and closing of the elbow between pipes A and B. 
Consequently, an increase in stresses and strains is observed for the elbow. This was considered to be 
the worst condition for the entire pipe rack so that the red-coloured frame in Figure 2.12 was designed 
taking into account such a critical condition. Then the same structural configuration was assumed for all 
the other frames.  
 
     
Figure 2.12: Schematic representation of the opening and closing of the elbow caused by lateral displacements of 
the red MRF 
 
Step 2.3: The relationship between the limiting strain in the pipe and the limiting value of the 
displacement of the pipe rack was investigated on the basis of a model of the pipes, developed in 
Opensees (Figure 2.13a). In the model, node 1 (Figure 2.12) was considered fully restrained by the RC 
tank, which is very stiff compared to pipes and pipe racks. The elements "force beam-column" with fibre 
sections were used to model straight pipes, taking into account hollow sections and the uniaxial material 
"steel02" [94]. Pipes A and B are connected by an elbow, which is the most critical element because of 
the geometrical irregularity that leads to an intensification of stresses. The European standard [58] 
suggests that this phenomenon could be taken into account by adjusting the flexibility through a factor K, 







where h is the flexibility characteristic 2,4 e p p mh R t D   , eR  is the radius of the elbow, pt  is the pipe 
thickness, and ,p mD  is its mean diameter. Furthermore, in order to take into account the stress 
concentration effect, the stresses calculated on the elbow have to be increased using the Stress 
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The model of the elbow was developed according to the procedure used in [10]. Each elbow was 
characterised by a radius eR  equal to 1.5 times the diameter of the connected pipes, and it was assumed 
that the reduction of flexibility spreads across a distance eL  equal to twice the mean diameter. The two 
straight parts and the curved part of the elbow were replaced by a straight element (Figure 2.13b) 
characterised by reduced inertia *eJ , obtained as follows [10]:  
 



















Figure 2.13: (a) plan view of the pipe model, and (b) the detail of the elbow 
 
The strain demand in the critical section of the pipe was investigated by imposing a displacement at 
node 3 in both the positive and the negative X direction of the pipe model (Figure 2.13a). The strains in 
the pipes and the elbow were recorded and compared to the thresholds associated with the operational 
limit state (i.e. upper limit values of the strains interval defined for DLI, as set in Table 2.1). The results 
are presented in terms of pushover curves (Figure 2.14), which represent the displacements of node 3 as 
a function of the base shear recorded at node 1. The intervals of pipe strains corresponding to the levels 
defined in Table 2.1 are outlined with different colours. It was assumed that the displacement for the 
operational limit state ( LSd  in Figure 2.14) corresponds to the occurrence of the upper limit pipe strains 
from the interval of DLI strains. It can be seen that the DLI is firstly exceeded in the positive direction, 
and the corresponding displacement is equal to 0.034 m.  
 
However, it should be noted that in the process of the evaluation of LSd  the uncertainties were 
disregarded. Since the performance objective has to be evaluated with a certain confidence, the bias in 
the evaluation of the operational limit state displacement is acceptable. A more rigorous procedure for 
the evaluation of the limit state displacement with a designated level of confidence can also be used, 
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Figure 2.14: Pushover curves for the pipes in (a) the positive and (b) the negative X direction, with the indication 
of the different damage levels in the pipes and the operational limit state displacement dLS 
 
The ratios between the strains at different fibres, and the limit values of the strains, are shown in 
Figure 2.15, for node 1, node 2, and node 3. The ratios shown in the figure correspond to the 
displacement LSd = 0.034 m at node 3. Note that a ratio equal to 1 means that the LSd  is attained. It can 
be observed that this condition is first attained due to the tensile strain at the elbow (node 2), which has 
a section that is considerably weaker than that of the other pipes in the model. The strain ratios at nodes 1 
and 3 are significantly smaller than 1, which is the limit value for the operational limit state. 
 
         (a)             (b)             (c) 
Figure 2.15: The ratio between strains and the DLI limit strain at different fibres of the pipe sections for 
(a) node 1, (b) node 2, and (c) node 3.  
 
Step 3: A linear model of the MRF described in Step 1 was developed. The columns were considered 
fixed at their bases, and all the beams were fully restrained at their ends. In the initial iteration, the frame 
was characterised by IPE270 beams and HE180B columns, as shown in Figure 2.16a. It should be noted 
that these sections were selected in such a way that the columns could withstand the gravity loads 
according to [97] requirements. The fundamental vibration period of the structure was T1 =1.1s. The 
seismic demand Dd  was calculated using a response spectrum analysis, assuming that the seismic design 
action was defined by the uniform hazard spectrum for the site of Ljubljana and a return period RT  of 
475 years (Figure 2.16b). The resulting lateral displacement of the first storey was Dd = 0.052m. 
 
Step 4: The risk-targeted safety factor RT  was evaluated using both numerical and closed-form 
solutions. The acceptable target probability was set to ,t LSP = 1.5∙10
-3 (i.e. 7.5% in 50 years), and a 
standard deviation LS  = 0.10 was assumed, as suggested in ANNEX F of the new draft of 
Eurocode 8 [77] for the operational limit state. The seismic hazard function of the site of Ljubljana was 
taken into account, and the spectral acceleration corresponding to the fundamental period of the structure 
was selected as the intensity measure. 
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(a) (b) 
Figure 2.16: (a) the initial configuration of the MRF; (b) the uniform hazard spectrum for the site of Ljubljana 
for a return period of 475 years 
 
In the case of the numerical solution, the risk-targeted spectral acceleration was evaluated by numerical 
integration of Eq.(2.8), imposing that ,t LSP = 1.5∙10
-3. The result was , ,a t LSS = 0.246g. The spectral 
acceleration ,a TRS  was directly obtained from the hazard curve for the spectral acceleration at T1 = 1.1s 
(i.e. the fundamental period of the structure), and by considering the return period of the design seismic 
action RT = 475 years. The result was ,a TRS = 0.204 g (Figure 2.17a). It should be underlined that it was 
not necessary to tune the return period RT  as explained in Section 2.1.2.3, because the numerical solution 
for the calculation of RT  is not affected by the slope k  of the hazard curve. The risk-targeted safety 












     (2.26)
 
The closed-form solution for the evaluation of RT  (Eq.(2.20)) was also considered for comparison 
purposes. It was found that both approaches were suitable for the evaluation of the risk-targeted safety 
factor. The hazard curve at the location of Ljubljana was approximated in the range near , ,a t LSS = 0.246 g 
in order to evaluate slope k. It has already been shown [83,84] that the most appropriate way to estimate 
k is to approximate the hazard curve to a linear function over the interval between , ,0.25 a t LSS  and 
, ,1.25 a t LSS  (Figure 2.17b). The obtained value was k = 1.7. Assuming LS  = 0.10 and ,t LSP = 1.5∙10-3 , 
the following expression was obtained for RT  from Eq.(2.20): 
 
21.7 0.1
3 1/1.72 (475 1.5 10 ) 1.23RT e

       (2.27)
 
which is a similar value to that obtained with the numerical solution.  
 
Step 5: The simplified risk-targeted decision model of Eq.(2.3) was applied, with Dd = 0.052 m, 
LSd  = 0.035 m, and RT = 1.21. It can be seen that the demand Dd = 0.052 m is greater than the capacity 
/LS RTd  =0.029, which means that the structure needs to be adjusted. The dimensions of the structural 
element sections were increased in order to increase the stiffness of the structure, and thus reduce the 
demand displacement Dd .  
 
 T [s]
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             (a) 
 
                   (b) 
Figure 2.17: (a) the hazard curve for the site of Ljubljana and soil type C for a spectral acceleration at T1 = 1.1s, 
with the highlighted point for the spectral acceleration for TR = 475 years; (b) linear approximation of the hazard 
curve 
 
In the second iteration, the structure was then characterised by IPE270 beams and HE300B columns. 
The fundamental vibration period was reduced to 1T = 0.6 s. Steps 3 to 5 were re-evaluated. 
The displacement demand Dd  (Step 3) was once again evaluated using response spectrum analysis, and 











Since the resulting displacement demand is less than the displacement capacity, it was decided that the 
structural configuration from the second iteration is acceptable. 
 
2.4 The effect of the target risk on the selected structural configuration 
 
In the previous section, the target probability of exceedance of the limit state was set to ,t LSP = 1.5∙10
-3. 
However, the target probability should be selected on the basis of the expected consequences of the 
seismic damage of industrial units. The stakeholders could then decide to select a lower target 
probability. Thus, it is interesting to investigate how the variation of ,t LSP  affects the structural 
configuration. Therefore, a small-scale parametric study was performed. The proposed design procedure 
was applied for different values of ,t LSP , which are listed in Table 2.2. Only the steps from 3 to 5 were 
re-performed for each of the selected target probabilities because the other steps are independent of ,t LSP  
The results of the design (i.e. cross-sections of the columns and beams) are summarised in Table 2.2. 
The risk-targeted safety factors RT  for the different values of ,t LSP , which were obtained by using the 
numerical solution, are presented. Furthermore, the displacement capacity and demand, and the 
fundamental period T1, are also reported in the table.  
 
It is worth noting that for target probabilities higher than 5∙10-3, the structural configuration does not 
change anymore. This is because, in such cases, the requirements of Eurocode 3 [97] for gravity loads 
govern the design. For decreasing probabilities ,t LSP , the requirement from the decision model of 
Eq.(2.3) becomes decisive, so that the dimensions of the structural element sections had to be increased 
in order to reduce the displacement demand. 
 
10-1 100
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Table 2.2: Results of the design when taking different target probabilities Pt,LS into account 
 
,t LSP  RT  /LS RTd   
[m] 
Dd   
[m] 
Columns Beams T1 
[s] 
6∙10-3 0.56 0.063 0.052 HE180B IPE270 1.08 
5∙10-3 0.62 0.056 0.052 HE180B IPE270 1.08 
4∙10-3 0.71 0.049 0.046 HE200B IPE270 0.90 
3∙10-3 0.80 0.044 0.041 HE220B IPE270 0.85 
2∙10-3 1.03 0.035 0.033 HE260B IPE270 0.72 
1∙10-3 1.40 0.025 0.023 HE320B IPE300 0.54 
5∙10-4 1.89 0.018 0.017 HE400B IPE360 0.41 
2∙10-4 2.70 0.013 0.012 HE500B IPE360 0.34 
1∙10-4 3.36 0.010 0.010 HE550B IPE400 0.30 
 
The weight of one frame of the structure is presented in Figure 2.18 as a function of the target probability 
,t LSP . The flat part of the function indicates the weight of the structural configuration required to 
withstand gravity loads. It can be seen that the weight, which is a measure of the structural cost, increases 
of 3 times when ,t LSP = 10




Figure 2.18: The weight of the frames designed according to the proposed procedure for different target 
probabilities Pt,LS 
 
It should be noted that the ,t LSP - weight relationship depends on the decision of structural engineers 
about how to adjust the structure. For example, the stiffness of the frame can be increased by modifying 
only the columns, or only the beams, or by modifying both. Moreover, increasing the section dimensions 
is not the only way to increase stiffness. For instance, an alternative strategy could be to change the 
structural typology from MRF to a braced frame. However, this solution cannot be frequently adopted, 
because pipe racks should have access for maintenance underneath them. 
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3. RISK ASSESSMENT OF INDUSTRIALISED URBAN AREAS CONSIDERING MULTI-
HAZARD DOMINO EFFECTS 
 
In the previous chapter, a risk-targeted decision model for the verification of the seismic performance 
of units of industrial facilities was presented. The decision model depends on the selection of the target 
risk, which is often arbitrarily defined by experts or regulators. However, the target risk could be linked 
to the expected consequences of the seismic damage of industrial units. Therefore, a methodology for 
the risk assessment in industrialised urban areas is presented in this chapter, in order to quantify the 
possible consequences of damages caused by an earthquake. 
 
Industrial facilities often coexist with urban centres, because of the rapid expansion of the built 
environment. This situation increases the exposure of urban centres to Natech events. It can happen that 
during major natural events such as earthquakes, a hazardous material is released in an industrial facility, 
which can result in catastrophes for the surrounding communities [10,98]. For instance, a seismic event 
can cause damage to a tank or a vessel. As a result, the hazardous material stored inside the tank may 
leak, which may trigger a fire, explosion, and some other adverse consequence, thus triggering domino 
effects. Such adverse events can cause damage to other components of the facility as well as other 
residential buildings in the area, even if they have not been directly damaged by the earthquake, as was 
observed during the Fukushima earthquake in 2011 [1] and some other events (e.g. [2]). Additionally, 
the release of hazardous material can cause the dispersion of toxic gases into the environment and affect 
society, even far from industrial facilities. 
 
In order to understand and mitigate the potential consequences of the phenomena described above, it 
must be recognised that an industrialised urban area is a complex system, composed of industrial units 
(such as tanks and pipe racks) and residential buildings. Many studies have addressed the quantitative 
assessment of the performance of such complex systems by considering domino effects, as presented in 
Chapter 1 (e.g.[45,54,99]). Due to the complexity of the problem, domino effects are often simulated 
using the Monte Carlo (MC) method (e.g. [48–50]). The above-mentioned contributions and many other 
studies (e.g. [47,100,101]) offer comprehensive methodologies for the assessment of consequences by 
considering domino effects. Nevertheless, it is still a challenge to conduct risk analysis by considering 
domino effects in the case of Natech events triggered by earthquakes and to directly consider the 
acceptable risk as a measure for designing or upgrading units in an industrial facility.  
 
In this study, the fatality risk has been considered as the most important risk indication. A methodology 
for the calculation of fatality risk in industrialised urban areas is therefore proposed in this chapter. It 
accounts for domino effects triggered by earthquakes. In this chapter, the fatality risk is measured as 
individual risk IR, which is defined as the annual probability of fatality for an individual who is 
continuously standing for one year at a point in the area of interest [35–37], and used to derive risk maps 
(e.g. [102]). The fatality risk is a basis for the seismic performance assessment of existing units of 
industrialised urban areas, or for the design of new industrial units. The design of new industrial units 
can be achieved by adequate estimation of target seismic fragility function, as will be shown in the 
following chapters. 
 
In the first part of this chapter, the computation of IR in industrialised urban areas is described. The 
methodology requires the identification of units (e.g. tanks, pipe racks, offices, storage warehouses, 
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residential buildings etc.), seismic fragility functions for the identified units, and information about the 
seismicity of the location. Moreover, models for estimating the probability of fatality, the probability of 
Loss Of Containment (LOC), the probability of structural damage, and models for simulating physical-
chemical consequences due to LOC, are also needed. These models are then coupled by the MC method, 
which allows the simulation of thousands of possible scenarios of damage propagation. In the second 
part of the paper, the methodology is demonstrated by calculating the fatality risk maps for a simple 
industrialised urban area. Emphasis is put on the difference in the results with and without consideration 
of the domino effects. Finally, possibilities for decision-making using the information from fatality risk 
maps is briefly discussed, with an emphasis on safety issues in industrialised urban areas. 
 
3.1 The probabilistic framework for the estimation of earthquake fatality risk 
 
In order to compute the individual risk, the industrialised urban area of interest is discretised into a grid 
of points, each of which is analysed separately. This is in accordance with the guidelines provided by 
the Purple Book [35], entitled "Guideline for quantitative risk assessment" and prepared by The 
Netherlands Organization of Applied Scientific Research. In the process of evaluating the individual 
risk, these points are termed targets, while the points occupied by the units are the sources because they 
can cause the death of an individual located without any protection at a target.  
 
The probabilistic formulations in the following sections provide the framework for calculating the 
individual risk at each target in the area of interest. In Section 3.1.1, the conditional probability of fatality 
caused by earthquakes, the (mean) annual fatality rate, and the IR are introduced. Because the 
conditional probability of fatality caused by earthquakes cannot be directly computed, the method for 
estimating the probability of fatality due to the damages of each unit is described in Section 3.1.2. The 
method accounts for the direct and indirect consequences triggered by domino effects, which are caused 
by the leakage of hazardous material stored in the units. The probability of fatality due to the damage 
states of each unit is calculated by the MC method, which is presented in Section 3.1.3. Finally, the 
entire methodology for calculating the individual risk and deriving the fatality risk maps is summarised. 
 
3.1.1 The annual rate of fatality and the individual risk 
 
Earthquakes, Eqs, are the events under consideration that can trigger damage to the units and cause a 
fatality, F, either directly as a consequence of damage to the unit, or indirectly via domino effects. With 
reference to the grid of targets Tn  in Figure 3.1, a system composed of Un  units is considered. If an 
earthquake occurs, the i-th unit, Ui, may suffer damage D(Ui) and cause the fatality of an individual 
continuously standing in the target area with coordinates (x,y).  
 
The annual rate of fatality for an individual located at target with coordinates (x,y), F (x,y), can be 
obtained by multiplying the rate of occurrence of earthquakes in a specific location, Eqs , by the 
probability of fatality at the target as a consequence of earthquakes, P[F(x,y) | Eqs]: 
 
( , ) [ ( , ) | ]F Eqsx y P F x y Eqs                               (3.1)
 
Since a discrete number of Tn  targets is considered (e.g. Tn =15 in Figure 3.1), the target with 
coordinates (x,y) can be named as the g-th target, and Eq.(3.1) can be written as follows: 
 
38 Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 
Doctoral dissertation. Ljubljana, UL, Faculty of Civil and Geodetic Engineering, Built Environment. 
 
, [ | ]F g Eqs gP F Eqs                                            (3.2)
 
where ,F g  is the annual rate of fatality for an individual located at the g-th target, and P[Fg | Eqs] is the 
probability of fatality at the g-th target as a consequence of earthquakes. 
 
 
Figure 3.1: A discretisation of the area of interest in a grid of targets, with the indication of the units and the 
target with coordinates (x,y) 
 
By considering the total probability theorem, the P[Fg | Eqs] is decomposed into the conditional 
probability of fatality for a given intensity level of the earthquake, P[Fg | IM = im], and the probability 
of an earthquake of intensity level IM = im. The P[Fg | Eqs] can then be obtained by summing 
(integrating) the product of these quantities over the entire range of intensity levels. Thus Eq.(3.2) can 
be transformed to: 
 
, [ | ] ( )F g Eqs g IMP F IM im f im dim     (3.3)
 
where ( )IMf im is the probability density function for the intensity measure. It can be shown [21,22] that 
the product ( )Eqs IMf im  dim is the derivative of the hazard curve IM , which expresses the mean annual 
frequency of exceeding a given intensity measure. Therefore, Eq.(3.3) can be rewritten as: 
 
, [ | ]F g g IMP F IM im d    (3.4)
 
The conditional probability of fatality P[Fg | IM = im] expresses the probability that an individual at the 
g-th target dies due to the damage to any of the Un  units in the system, which is caused by an earthquake 
with intensity level IM = im. It may happen that an earthquake causes damage to several units in the area, 
which can then cause the death of an individual in a target area simultaneously, or almost 
simultaneously, by triggering damage to other units due to the domino effect. Therefore, it is not 
straightforward to calculate P[Fg | IM = im]. Thus, the problem should be further decomposed. For this 
reason, a measure of fatality due to the damage to the i-th unit and caused by an earthquake with an 
intensity level IM = im, i.e. P[Fg | D(Ui), IM = im], is introduced. The probability P[Fg | IM = im] can be 








P F IM im P F D U IM im

 
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It is important to note that the probability of the union of events is not the sum of the probabilities of 
single events because the fatality events are not mutually exclusive. Indeed, it may happen that two units 
are damaged by a seismic event, and then a third unit is damaged because of the domino effect, and all 
three damaged units can cause the fatality of an individual (i.e. fatality event), directly or indirectly, at 
almost the same time. If a series of fatality events occur at the same target, the individual dies due to the 
first fatality event. Therefore, the probability of dying from other fatality events in a series of fatality 
events shall be disregarded in the evaluation of the individual risk. This can be achieved by solving the 
probability of the union of fatality events at a given target. For example, if two units can cause fatality 
at the target ( Un = 2) the probability that an earthquake characterised by an intensity measure IM = im 




[ | ] [ | ( ), ] [ | ( ), ]
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In the case of Un = 3, Eq.(3.5) is expressed as follows:  
 
[ | ]gP F IM im   
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The terms like P[(Fg | D(U1), IM = im)∩(Fg | D(U2), IM = im)], represent the probability of the intersection 
of events. They account for the cases in which two or more units, which are damaged by an earthquake 
with IM = im, cause the fatality of an individual located at the g-th target at almost the same time. If 
these events can be considered independent, then the probability of the intersection of events can be 
obtained simply by multiplying the probabilities of the single events, as follows: 
 
[( | ( ), ) ( | ( ), )]
[( | ( ), )] [( | ( ), )]
g i g j
g i g j
P F D U IM im F D U IM im
P F D U IM im P F D U IM im
  




However, such events may not be independent. For example, if the two units are similar, there is a 
certain probability that the two units would suffer the same damage because of an earthquake. In the 
hypothetical case when two identical units are hit by the same ground motions, the damage to these units 
would be identical, and the probability of fatality due to damage to the i-th unit is equal to the probability 
of fatality due to damage to the j-th unit. In this case, the probability of the intersection is equal to the 
probability of single events: 
 
[( | ( ), ) ( | ( ), )]
[( | ( ), )] [( | ( ), )]
g i g j
g i g j
P F D U IM im F D U IM im
P F D U IM im P F D U IM im
  




In realistic cases, even if the two units are nominally identical, their performance is not identical due to 
aleatoric uncertainty. Thus, the probability of the intersection of fatality events varies between that 
40 Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 
Doctoral dissertation. Ljubljana, UL, Faculty of Civil and Geodetic Engineering, Built Environment. 
 
defined by Eq.(3.8) and that defined by Eq.(3.9). It should be noted that a realistic estimation of the 
probability of the intersection of fatality events would require a seismic response history analyses of the 
entire complex system as well as a physics-based simulation of the domino effects (e.g. vapour cloud 
explosions, dispersion of toxic gas), which is currently too complicated for practical or even for 
scientific applications. In this study, it is thus assumed that the probability of the intersection of events 
which cause fatality is calculated by considering these events to be independent (Eq.(3.8)). This 
assumption provides conservative results.  
 
The remaining challenge is to assess the probability of fatality due to damage to a unit, 
P[Fg | D(Ui), IM = im]. However, it must be realised that the damage to units can vary significantly. 
Therefore, it is necessary to account for the severity of the damage, which is usually modelled by a set 
of damage states (DS). Defined ,DS in  as the number of damage states considered for the i-th unit, 




[ | ( ), ] [ | ( ) ] [ ( ) | ]DS i
n
g i g i d i dd
P F D U IM im P F D U DS P D U DS IM im

       (3.10)
 
where D(Ui) = DSd represents the d-th discrete damage state for the i-th unit. The probability 
P[D(Ui) = DSd | IM = im] that the d-th discrete damage state of the i-th unit is observed for an earthquake 
with intensity IM = im, can be derived from seismic fragility functions: 
 
1
[ ( ) | ] [ ( ) | ]
[ ( ) | ]
i d i d
i d
P D U DS IM im P D U DS IM im
P D U DS IM im
    
  
           if 
,DS id n
DS DS  
 
[ ( ) | ] [ ( ) | ]i d i dP D U DS IM im P D U DS IM im                          if ,DS id nDS DS  
(3.11)
 
where P[D(Ui) ≥ DSd | IM = im] and P[D(Ui) ≥ DSd+1 | IM = im] are the seismic fragility functions evaluated 
at seismic intensity IM = im, as presented in Figure 3.2. In Figure 3.2, the probabilities 
P[D(Ui) = DSd | IM = im] are shown assuming four different damage states, for a generic level of intensity 
measure IM = im. Many different methods for the evaluation of the seismic fragility functions exist 
[16,18]. For simplicity, these methods are not discussed in detail. 
 
   
Figure 3.2: Schematic representation of the evaluation of P[D(Ui) = DSd | IM = im] from the seismic 
fragility functions 
 
By substituting Eq.(3.10) into Eq.(3.5), the annual rate of fatality ,F g  for an individual located at the 
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
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       (3.12)
 
The remaining challenge for solving Eq.(3.12) is to calculate P[Fg | D(Ui) = DSd], which is described in 
the following sections. If the fatality events can be assumed to be independent of time, the probability 
of fatality in the reference period t  can be modelled as a homogenous Poisson process in which the 
time between two successive deadly events follows an exponential distribution. Therefore, for a period 
t  during which the rate of fatality ,F g  can be considered constant, the probability  of fatality ,F gP  at 






    (3.13)
 
Finally, the individual risk IR is calculated from Eq.(3.13) as the annual ( t =1 year) probability of 





g F gIR e
      (3.14)
 
The IR is practically equal to the annual fatality rate (Eq.(3.14)) because the fatality rate is usually a low 









g g i d i d IMd
i
IR P F D U DS P D U DS IM im d


       (3.15)
 
3.1.2 Model of fatality due to the damage state of a unit in a given area 
 
The calculation of the probability of fatality due to the d-th discrete damage state of the i-th unit, 
P[Fg | D(Ui) = DSd], is a much more elementary task than calculating the probability of fatality due to 
earthquakes, P[Fg | Eqs]. However, it is still quite complicated to calculate P[Fg | D(Ui) = DSd] because 
fatality at the g-th target can be observed as a direct or even indirect consequence of damage to the units 
in the area. If a unit is damaged, an individual at the target may die because of the direct impact of falling 
debris after the seismic damage. However, if the individual survives such an adverse event, he may still 
die because of physical-chemical consequences due to the leakage of hazardous material. Furthermore, 
the damaged unit may trigger a domino effect, which may also cause fatality for the individual standing 
at the target. Therefore, it is necessary to establish a fatality model which provides for all possible 
situations that can result in a fatality. In the framework of this study, the fatality model accounts for the 
three cases described as follows. 
 
Fatality case a: fatality as a direct consequence of seismic damage to a unit 
In this case, the i-th unit is considered to be sufficiently close to the g-th target that the fatality is caused 
by the impact of debris hitting the individual located at the target. 
 
Fatality case b: fatality as a direct consequence of LOC of a unit 
A unit of an industrial facility may store hazardous material. Thus, seismic damage to the i-th unit can 
cause, for example, the leakage of hazardous material (i.e. a LOC). There are many different kinds of 
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mutually exclusive LOC states (indicated as LOC1, LOC2, and so go on), such as "instantaneous release 
of the complete inventory in 10 min", or "continuous release from a hole with a diameter of 10 mm" 
[35]. Such LOC states may trigger the following physical-chemical phenomena, which can consequently 
cause fatality [101,103,104]: 
- Toxic Dispersion (TD), which may cause fatality by the inhalation of the released toxic material; 
- Pool Fire (PF), a result of the ignition of released fuel, which may cause fatality because of heat 
radiation; 
- Flash Fire (FF), the late ignition of dispersed vapour at a concentration within the flammability 
range of the fuel, and which may cause fatality because of heat radiation; 
- Vapour Cloud Explosion (VCE), which can occur when a large quantity of flammable gas or 
vapour is accidentally released into the atmosphere and forms a vapour cloud in which ignition 
is delayed. In this case, the released energy and overpressure may cause fatality; 
- Fire Ball (FB), caused by the slow and laminar combustion of a flammable cloud, which can 
cause fatality because of heat radiation. 
   
Fatality case c: fatality as a result of domino effects 
In this case, the fatality is not caused by damage or loss of hazardous material. Still, instead, the loss of 
hazardous material triggers domino effects in the industrial facility or in the surrounding area. This 
means that damage to the i-th unit caused by an earthquake can indirectly cause damage to the j-th unit. 
As a consequence, a fatality event at the g-th target can occur due to the debris of the j-th unit, as in 
fatality case a, or because of the consequences of LOC events in the j-th unit, as in fatality case b. 
Moreover, if the individual at the g-th target survives both cases, a second-level domino may be 
triggered, which may again cause fatality. This means that, in general, the model must show that damage 
to the i-th unit can cause a series of damage to other units in the area. The fatality at the g-th target is 
then the consequence of fatality case a or fatality case b due to damage to other units.  
 
The three fatality cases, which contribute to the probability of fatality at the target, can be visualised by 
the event tree in Figure 3.3. It should be noted that the branches of the event tree which follow LOC2 
and LOC3 are not shown in the figure for the sake of simplicity, but these event trees have the same 
branches as those following LOC1. The same simplification is considered in the non-representation of 
the event tree following VCE, FF, and FB. In those cases, the tree branches are the same as those 
following PF. 
 
The event tree (Figure 3.3) starts with the initiating event "Seismic damage (d-th Damage State) for i-th 
Unit", which triggers other possible events. Many different chains of events are made possible by 
following different branches of the tree. Each intermediate event has a probability of occurrence, which 
can be calculated using several models, as described in the following sections. It may be noted that the 
event tree of "Fatality case c" is not presented in Figure 3.3 because the event "domino" as marked in 
blue (Figure 3.3) is, in general, a further chain of event trees. This is schematically presented by the 
event tree in Figure 3.4, which eventually result in "Fatality case c" as presented in the right top corner 
of Figure 3.3. Note that the event tree in Figure 3.4 can end up with a "Survival" (green boxes in 
Figure 3.4), or with a "Fatality" (red boxes in Figure 3.4). The event "Survival" in Figure 3.3 in green 
box refers to any of the events "Survival" from Figure 3.4. In the same way, the event "Fatality case c" 
in Figure 3.3 in red box refers to any of the events "Fatality" from Figure 3.4.  
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Figure 3.3: Event tree of events that can result in the fatality or the survival of an individual continuously 
standing at the target. The event tree is only partly branched 
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The triggering of a domino (starting node of the event tree in Figure 3.4) can cause damage to any other 
unit of the system. As a consequence of the damage of any other unit, a fatality may be caused by debris 
(as in fatality case a). Otherwise, a LOC state may be observed for the new damaged units, which may 
trigger physical-chemical consequences and cause fatality (as in fatality case b). If the individual still 
survives, the possibility of further levels of domino effects must be checked.  
 
To clarify the interpretation of the event tree "domino", some examples of domino effects are presented 
in Figure 3.5. In the presented example, the system consists of four units, labelled A, B, C, and D, and 
fifteen targets, with an indication of a particular target T (Figure 3.5a). In the case of domino effects, 
several scenarios that cause fatality are possible. It may happen that unit A causes damage to unit B, 
which causes fatality in T (i.e. domino effects from A to B to T, Figure 3.5b), or that unit A causes 
damage to unit B, which in turn causes damage to unit D, which causes fatality in T (i.e. domino effects 
from A to B to D to T, Figure 3.5c), or many other scenarios. It is clear that the definition of all possible 
domino scenarios and the calculation of the probability of fatality may become quite complicated, 
especially if the system consists of many units. For this reason, scenarios for single or multi-level 
dominos and the corresponding probability of fatality are simulated by the MC method, as described in 








Figure 3.5: (a) example of a grid of targets with an indication of the units A, B, C, D, and the target T. 
Representation of possible domino scenarios: (b) domino effects from A to B to T; (c) domino effects from A to 
B to D to T 
 
3.1.3 Estimation of the probability of fatality due to the damage state of a unit using the Monte 
Carlo method 
 
The MC method is used to calculate the probability of fatality at a target due to the d-th damage state of 
the i-th unit P[Fg | D(Ui) = DSd]. The procedure consists in sampling "Fatality" or "Survival" from the 
event trees in Figure 3.3 and Figure 3.4. Each event in the event trees has a probability of occurrence, 
which must be estimated in order to perform the MC simulations. Therefore, the following models of 
probability, which will be defined in Section 3.2, need to be developed: 
 
- probability of fatality as a direct consequence of seismic damage to the unit (i.e. fatality case a): 
P[F(a)]  
- probability of the occurrence of a LOC state: P[LOCk]  
- probability of the occurrence of physical-chemical phenomena as a consequence of LOC states: 
P[PhCh|LOCk]  
- probability of fatality caused by physical-chemical phenomena (i.e. fatality case b): P[F(b)]  
- probability of a damage state in the other units of the system, caused by physical-chemical 
phenomena P[D(Ui)|PhCh] 
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These models are the basis for sampling fatality or survival, as described in the following. Firstly, every 
single simulation begins by generating a random number 1r  between 0 and 1. If 1r  is less than P[F(a)], 
then a fatality has occurred, and the simulation is terminated. The outcome of the simulation is "Fatality" 
(Figure 3.6a). Otherwise, if 1r  is greater than P[F(a)], the simulation continues on the following branch 
of the event tree. If the unit Ui is not an industrial unit, there is no possibility for a LOC state, and the 
simulation follows the branch "No leakage". In this case, the outcome of the simulation is "Survival" 













Figure 3.6: Different examples of Monte Carlo simulations: (a) "Fatality case a" outcome, (b) "Survival" 
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On the contrary, if the unit Ui stores hazardous material, a LOC has to be sampled. Each LOC state has 
a probability of occurrence P[LOCk]. Because the LOC states are assumed to be mutually exclusive and 
collectively exhaustive, the sum of their probabilities of occurrence is equal to 1. Therefore the LOC 
state can be sampled by arranging the probabilities P[LOCk] between 0 and 1 (as schematically shown 
in Figure 3.7a) and by generating a random number LOCr  between 0 and 1 (i.e. red dot in Figure 3.7a), 
which defines the LOC state in the given MC simulation. The physical-chemical phenomena resulting 
from LOC states are them sampled in the same manner (Figure 3.7b), by generating an additional 






Figure 3.7: Schematic demonstration of sampling of: (a) LOC states, and (b) physical-chemical phenomena as a 
consequence of LOC states 
 
A new random number 2r  between 0 and 1 is then generated and compared to the probability that the 
sampled physical-chemical phenomenon causes a fatality, P[F(b)]. If 2r  is less than P[F(b)], then the 
outcome of the simulation is "Fatality", and the simulation is terminated (Figure 3.6c). Otherwise, if 2r
2r  is greater than P[F(b)], a domino effect must be further simulated, and the simulation continues as 
presented by the event tree in Figure 3.4. If the number of units in a system is Un , it is necessary to 
generate ( 1Un  ) random numbers between 0 and 1, i.e. one random number for each of the other units 
in the system. If the value of the random number is less than the probability of damage due to physical-
chemical phenomenon, P[D(Ui) | PhCh], the i-th unit is considered to be damaged. At this point, the 
simulation continues according to the event tree presented Figure 3.4 in the same way as described for 
the event tree in Figure 3.3. The simulation eventually stops when the outcome is "Survival" 
(Figure 3.6d) or "Fatality".  
 
In order to calculate the probability P[Fg | D(Ui) = DSd], a high number of MC simulations has to be 
performed. The outcome for each MC simulation is "Fatality" or "Survival". Because the MC 
simulations are based on probability models as defined in Section 3.3, they are not computationally 
demanding, and it is relatively easy to perform a high number of simulations. Eventually, the probability 
P[Fg | D(Ui) = DSd] is obtained as the ratio between the number of simulations that had an outcome 
"Fatality", NF, divided by the total number of performed simulations, NS: 
 
[ | ( ) ] Fg i d
S
N
P F D U DS
N
   (3.16)
 
The evaluation of Eq.(3.16) requires a set of MC simulations. The result is the probability of fatality due 
only to the d-th damage state for the i-th unit. Therefore, nU×nDS,i sets of MC simulations must be 
performed in order to calculate Un × ,DS in  values of P[Fg | D(Ui) = DSd], where each value corresponds 
to the probability of fatality at the g-th target due to the d-th damage state for the i-th unit. Each of the 
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3.1.4 Workflow for the computation of fatality risk maps 
 
The workflow of processes that result in the calculation of the individual risk and fatality risk maps is 
presented in Figure 3.8, in order to give an overall view of the computations. The computation of the 
individual risk in an industrialised urban area begins with the discretisation of the area of interest in a 
grid of Tn  targets. The Un  units in the area are then identified. In general, there may be many types of 
units, such as tanks, vessels, or pipe racks in an industrial facility, and other buildings outside the facility, 
such as offices and residential buildings. A discrete set of DSn  damage states must be defined for each 
of the identified units. In addition, the LOC states must be defined for the industrial units, which store 
hazardous material. The input data for the methodology are the models for the probability of events from 
the event trees, which are addressed in Section 3.2 and are needed to compute P[Fg | D(Ui) = DSd] using 
the MC method (Section 3.1.3). In addition, the required input data are the seismic hazard curve for the 
industrialised urban area under investigation and the seismic fragility functions for all the damage states 
of all the units, which are used to calculate the probability of a damage state for each unit.  
 
 
Figure 3.8: Workflow for the computation of individual risk and fatality risk map 
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After the input data are prepared, the computation begins with the selection of the first target. The first 
unit and the first damage state are selected, and the probability of fatality at the g-th target, 
P[Fg | D(Ui) = DSd],  is computed using the MC method (Section 3.1.3, Eq.(3.16)). The Un × DSn  sets of 
MC simulations are performed in order to obtain the probability P[Fg | D(Ui) = DSd] for all the Un  units 
and the corresponding DSn  damage states. After the probabilities P[D(Ui) = DSd | IM = im] are obtained 
from the seismic fragility functions, the annual rate of fatality ,F g  at the g-th target can be calculated 
by Eq.(3.12). Finally, the IR at the g-th target is estimated by Eq.(3.14). Then, another target is selected, 
and the procedure is repeated for all the targets in the grid (see the loop in Figure 3.8). The values for 
IR, which are eventually estimated for all targets in the grid, represent the basis for the evaluation of 
fatality risk maps, which are obtained by plotting iso-risk curves, i.e. curves characterised by the same 
values of IR, for the investigated area of interest.  
 
3.2 Models of probabilities for the events that can result in a fatality 
 
In this section, the models of probabilities for the events in the event trees (Figure 3.3 and Figure 3.4) 
are described. These models are needed for the application of the MC method. It should be noted that 
these model do not naturally account for fatalities due to domino effects triggered by historical 
earthquakes. Indeed, empirical data of fatalities caused by domino effects are not sufficient because 
domino effects can evolve in many different ways, and the empirical data from past events may not 
cover all the possible scenarios. Moreover, major earthquakes are rare. Therefore, their catastrophic 
effects were not often observed in industrialised urban areas. The approach presented in this paper, 
instead, is based on models of the probability of fatality that are specific for different hazards (e.g. 
fatality due to structural damage, fires, explosions, toxic dispersion, etc.). These models may be 
improved and validated by empirical data of fatalities that do not naturally account for domino effects. 
Such data are more frequent, whereas it is difficult to expect that empirical fatality models, which would 
naturally account for all possible domino effects, will be soon available. 
 
3.2.1 Probability of fatality as a direct consequence of seismic damage to the unit (fatality case a) 
 
The estimation of the probability of fatality as a direct consequence of seismic damage to the unit, 
P[F(a)], is quite a complex problem. It can be realised that P[F(a)] depends on the type of unit, the 
severity of the damage state, and the distance between the source unit and the g-th target. In general, 
there are many types of units in an industrialised urban area. Units of an industrial facility can be 
classified, for example, as a tank, vessel, or pipe rack, while the units outside an industrial facility can 
be offices, residential buildings, and other types. The P[F(a)] can be different for different types of units 
which are damaged by an earthquake. Regarding the severity of the d-th damage states, it may be 
reasonably assumed that the probability of fatality is higher for more severe damage states. Furthermore, 
the distance between the position of the source unit and the target in the grid significantly affects P[F(a)]. 
For example, an individual standing at the target will not be injured by debris falling from a unit that is 
far from the target. Therefore, it may be reasonable to assume in many cases that fatality as a direct 
consequence of seismic damage can only happen if the target occupies the same point on the grid as 
occupied by the unit.  
 
One option for the estimation of P[F(a)] is to use empirical historical data. For example, in 1997, the 
NOAA  published a work in which the fatalities due to major earthquakes in the USA between 1860 and 
1971 were estimated [105]. In 1990, Noji et al. [106] provided data on the fatalities that were due to the 
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collapse of stone masonry and precast concrete buildings, based on data from the 1988 Armenia 
earthquake. In 1989, Durkin [107] reported the fatalities after the collapse of two reinforced concrete 
buildings during the 1985 Mexico and 1986 San Salvador earthquakes. Later, the Applied Technology 
Council [108] provided estimates for fatalities based on building types and damage states. In 2011, 
Zuccaro and Cacace [109] also provided fatality probabilities for different damage states of residential 
buildings. The authors considered six damage states (D0, no damage; D1, slight damage; D2, moderate 
damage; D3, heavy damage; D4, very heavy damage; and D5, collapse), and defined nonzero fatality 
probabilities only for the D4 and D5 damage states. The same model for P[F(a)] was used in [110]. 
Furthermore, the Federal Emergency Management Agency (FEMA) [111] provided fatality ratios for 
several kinds of building typologies and for four different damage states. Nevertheless, there is still a 
significant lack of data on collapse-related fatality ratios for industrial units. However, data from FEMA 
showed that these fatality ratios do not change significantly for different structure typologies. For this 
reason, in this work, the same probabilities P[F(a)] were assumed for all the typologies of units in the 
system.  
 
3.2.2 Probability of occurrence of loss of containment states 
 
The model used for estimating the probabilities of LOC states, P[LOCk], must simulate the occurrence 
of a LOC state in the case that a unit is part of an industrial facility which contains hazardous material. 
In this study, the LOC states defined in the Purple Book [35] and also used by [101] were considered: 
 
- LOC1: minor loss, defined as the continuous release of partial or total inventory over a time 
interval of more than 10 min, 
- LOC2: intense loss, defined as the continuous loss of total inventory within 10 min, 
- LOC3: catastrophic loss, defined as the instantaneous loss of inventory. 
 
The probability of occurrence of each LOC state, in general, depends on the severity of the d-th damage 
state. Indeed, it is evident that the probability of having a catastrophic LOC is greater in the case of a 
more severe damage state. However, although the relationship between damage state and LOC state 
should be described by probabilistic models, it is more common in the literature for authors to use 
deterministic models. This means that the probability of occurrence of the k-th LOC state conditioned 
to the occurrence of the d-th damage state is assumed to be 0 or 1. An example may be found in [50], 
who used empirical evidence and expert engineering judgment to develop a matrix which associates the 
damage states for anchored and unanchored tanks to the three classes of LOC states mentioned above. 
Similarly, Cozzani et al. associated the LOC1 state to the damage state described as "light damage to the 
structure or to auxiliary equipment", and the LOC2 and the LOC3 to the damage state "intense damage 
or total collapse of the structure" [112]. The same relationships between damage states and LOC states 
were used in [47,113]. These deterministic relationships are also used in the framework of this research. 
However, more precise models for P[LOCk] can also be used with the proposed probabilistic framework 
for the calculation of the individual risk. 
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3.2.3 Probability of occurrence of physical-chemical phenomena as a consequence of loss of 
containment states 
 
After the occurrence of a LOC state, different physical-chemical phenomena (PF, VCE, etc.) may be 
triggered, as discussed in the previous section. In the general case, these phenomena depend on the 
severity of the LOC state and on the type of released material, which may be flammable or toxic. 
 
The type of released material is the primary data for the problem. After the type of released hazardous 
material is known, the probabilities of physical-chemical phenomena conditioned to the occurrence of 
the k-th LOC state must be estimated, P[PhCh|LOCk]. In practice, this problem is usually treated in a 
simplified manner. For example, Vilchez et al. [104] presented a set of default values for the 
probabilities P[PhCh|LOCk] of the most common types of hazardous materials and LOC states. They 
considered that, after a LOC event, the incident could evolve in different ways, depending on the type 
of hazardous material involved. In particular, they noticed that, in the case of leakage of hazardous 
material, there might be an immediate ignition or a delayed ignition. In general, after immediate ignition, 
the flame will run back to the liquid pool and cause a pool fire. On the other hand, in the event of delayed 
ignition, flame front acceleration can occur because of the congestion of the flammable cloud. Such 
flame front acceleration triggers an explosion. Therefore, the probability of a physical-chemical 
phenomenon is related to the probabilities of immediate and delayed ignitions of the hazardous material. 
For example, the probability of a pool fire is the same as the probability of immediate ignition, and the 
probability of an explosion is the product between the probabilities of delayed ignition and flame front 
acceleration. The probabilities of ignition were estimated in [104] for different typical hazardous 
material, based on information found in the literature (e.g. [35,114]) and expert judgment. The same 
approach, based on default probabilities, was used in [50,53,115,116] and many others.  
 
A more refined estimation of the probabilities of occurrence of physical-chemical phenomena was 
presented by Moosemiller [117]. He proposed formulations for evaluating P[PhCh|LOCk] as a function 
of the pressure, temperature and duration of release of hazardous materials, and many other parameters.  
 
Table 3.1 summarises the probabilities P[PhCh|LOCk] for some types of stored materials [104]. Note 
that the notation P[PhCh|LOCk] generically refers to any of the possible physical-chemical phenomena. 
In Table 3.1, the probabilities refer to the physical-chemical phenomena presented in Section 3.1.2 (i.e. 
TD, PF, FF, VCE and FB). It should also be noted that the event "No physical-chemical phenomena" is 
considered ("No PhCh" in Table 3.1). If the i-th unit under consideration is an industrial unit which does 
not store hazardous material, then the probability of the event "No physical-chemical phenomenon" is 
equal to 1. Otherwise, in the case of hazardous material, the probabilities are derived in [104]. In many 
cases, the probabilities are the same for all three types of LOC events considered. The physical-chemical 
phenomena are considered to be mutually exclusive, which means that the sum of the probabilities along 
each line must always be equal to 1. 
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Table 3.1: Probability of occurrence of physical-chemical phenomena as a consequence of LOC states 
according to [104] 
 
Type of material LOC state P[TD] P[PF] P[FF] P[VCE] P[FB] P[No PhCh] 
Not hazardous LOC 1, 2, 3 0 0 0 0 0 1 
Flammable liquids LOC 1, 2, 3 0 0.01 0 0 0 0.99 
Toxic, 
flammable liquids 
LOC 1, 2, 3 0.99 0.01 0 0 0 0 
Flammable, volatile 
liquids 
LOC 1, 2, 3 0 0.065 0.561 0.374 0 0 
Fully refrigerated 
flammable liquids 
LOC 1, 2, 3 0 0.7 0.18 0.12 0 0 





LOC 1, 2 0 0.7 0.18 0.12 0 0 





LOC 1, 2 0.3 0.7 0 0 0 0 
LOC 3 0.3 0.126 0 0.084 0.49 0 
 
3.2.4 Models for the intensity of physical-chemical phenomena  
 
In order to evaluate the probability of fatality due to the physical-chemical phenomena triggered by a 
LOC state, it is necessary to model the intensity of the physical-chemical phenomena at all the points of 
the industrialised urban area. The intensity of each physical-chemical phenomenon is mainly described 
by one or more physical-chemical intensity measures. For instance, in the case of pool fires and flash 
fires, the most important intensity measure describing the phenomenon is the heat radiation. In the case 
of explosions and toxic dispersions, the intensity measures are, respectively, the overpressure and the 
concentration of toxic material in the air. In the following, the models for evaluating the intensity of 
physical-chemical phenomena are presented. They are then used in the following section as an input 
parameter for the evaluation of the probability of fatality due to fatality case b.   
 
Heat radiation in the case of a pool fire 
A pool fire is the uncontrolled combustion of vapours generated by a pool of a flammable liquid. 
Because of the temperature difference between hot gases of the flame and objects in the environment, 
the heat released from the fire is transferred to the surroundings. This problem is considered in the 
Yellow Book [103], entitled "Methods for the calculation of physical effects due to releases of hazardous 
materials (liquids and gases)" and elaborated by The Netherlands Organization of Applied Scientific 
Research. This manual provides an extensive overview of the models available in the literature to 
estimate the heat radiation produced by a pool fire. These models also allow for simulation of the 
radiating heat with respect to distance from the point source. One straightforward model is the point 
source model [118], where it is assumed that the heat radiation is spread isotropically from a single point 
source, located at the centre of the pool fire. The pool fire is represented as a cylinder over the surface 
of the liquid fuel, characterised by diameter PFD  and height PFH . Diameter and height of the pool fire 
are correlated by the following equation [103]: 
 
52 Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 

















where m   is the burning mass rate per unit area and unit time (in kg/(m2s)), air  is the density of the 
air, g is the acceleration of gravity and 10u  is the scaled wind velocity at the height of 10 m (see [103] 
for details). The burning mass rate can be calculated as defined in [103]: 
 









empirical constants, and PFD  is the diameter of the pool fire.  The Yellow Book [103] provides values 




for different hazardous materials. For example, m = 0.055 and k 
 
= 2.10 are given 
for gasoline.  
 
In the model used by the Yellow Book [103], the heat radiation HR (in J/(m2s)) decreases with the 

















where m   is the burning mass rate per unit area and unit time (in kg/(m2s)), Fs is the fraction of 
combustion heat radiated from the flame surface, c1 is a constant, and cH  is the heat of combustion of 
the flammable material at its boiling point (in J/kg). The Fs depends on the type of fuel (i.e. the type of 
released hazardous material) and the diameter of the pool fire. It varies from about 0.15 to about 
0.60 [103].  
 
The presented model thus allows for estimating the heat radiation generated by a pool fire with respect 
to the distance from the source. However, it is worth noting that the models presented herein for the 
evaluation of the effects of pool fires can be replaced by more sophisticated models. 
 
Heat radiation in the case of a flash fire 
A flash fire can be triggered if the released combustible gas is not ignited immediately, but instead forms 
a vapour plume which is dispersed into the ambient air and later on ignited. Because the flash fire is 
characterised by a very short duration, it can be assumed that such a phenomenon is not likely to result 
in domino effects, as shown by Cozzani et al. [112]. However, the flame impingement resulting from 
the flash fire may cause the direct ignition of flammable material contained in an industrial unit, which 
generates a delayed pool fire [36]. For this reason, in the framework of this study, it is assumed that the 
flash fire results in a pool fire and the heat radiation is calculated as explained above.  
 
Heat radiation in the case of a fire ball 
In the case of the leakage of liquefied gases, the liquid may become a two-phase mixture, which forms 
a droplet cloud rich in fuel and typically results in a fire ball [119]. The physical parameter that is 
considered in the case of a fire ball is the heat radiation, as in the case of pool fires. The heat radiation 
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can be calculated as a function of the distance between the point source and the target in accordance 
with the Yellow Book [103] and Dhurandher et al. [120]. Details are omitted in this paper for the sake 
of brevity. 
 
The concentration of toxic material in the air 
Toxic, hazardous material released into the atmosphere can be dispersed by the wind. In the Yellow 
Book [103], several models that enable the prediction of this dispersion are provided. These models 
estimate the concentration of the released hazardous material at any location surrounding the point 
source of release. The most widespread model is the Gaussian Plume Model [121], which allows for 
estimating the concentration of the released material at a given place as a function of several variables, 
including the emission rate, the distance between the source and target, and the atmospheric conditions. 
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y z y z
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C x y z
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     
      
   
       
(3.20)
 
where HMC  is the concentration of hazardous material in the air, x  is the distance between the source 
and target in the wind speed direction (downwind distance), y  is the distance perpendicular to the wind 
direction (crosswind distance), z  is the height of the target point relative to the ground, HMq  is the 
release rate, u is the wind velocity, y  and z  are the so-called dispersion parameters, which are a 
function of x , and h  is the height of the release point relative to the ground. In the Yellow Book [103], 
formulations and tables are provided to calculate the y  and z  as a function of x  and of the 
meteorological situation, described using Pasquill stability classes.  
 
The release rate HMq  is the quantity of material released within a unit of time. If there is a hole in the 
shell of a tank, this release rate depends on the size of the hole and can be estimated as proposed by 












   
 (3.21) 
 
where hA  is the area of the hole,   is the specific heat ratio of the gas, 0  is the density of the gas in 
operating conditions, and 0p  is the pressure in operating conditions.  
 
In the research framework presented in this paper, the damage is described using a set of discrete damage 
states. Therefore, it is assumed that each damage state corresponds to an ideal area of the hole and that 
the hole is located at a height h  relative to the ground (i.e. the height of release point). The presented 
model thus allows the estimation of the concentration of a released toxic gas as a function of the distance 
from the source. The concentration depends on the meteorological conditions, the properties of the 
released hazardous material, and the damage state of the industrial unit.  
 
Overpressure and impulse due to a vapour cloud explosion 
An explosion can be defined as the rapid release of energy into the atmosphere, which generates a blast 
wave. The physical parameters that describe a vapour cloud explosion are overpressure and impulse. 
The most widespread model used to estimate the overpressure and impulse caused by a vapour cloud 
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explosion as a function of the distance between source and target is the Multi-Energy model [44,103]. 
The Multi-Energy model provides blast charts (Figure 3.9), in which the scaled peak overpressure 
/s s aP P p    and the scaled phase duration 
1/3
exp 0/ [( / ) / )]p p at t E p c   are reported as a function of 
the scaled distance 1/3exp/ ( / )ax x E p   for ten classes of blast strength (see [103] for details). sP  is 
the overpressure caused by the explosion, ap  is the atmospheric pressure, pt  is the phase duration, expE  
is the explosion energy, 0c  is the sound velocity, and x is the distance between the source of the explosion 
and the target.  
 
 
Figure 3.9: Blast chart from Multi Energy model [103]  
 
The explosion energy expE  is evaluated by multiplying the charge mass cm  with the specific heat of 
combustion cH  [123]: 
 
exp c cE m H   (3.22)
 
The charge mass consists of the mass of the hazardous material (e.g. flammable gas) which is dispersed 
after the LOC. It is obtained by integrating the concentration ( , , )HMC x y z   of the hazardous material over 
the entire volume of the hazardous material spread: 
 
( , , )c HMm C x y z dxdydz        (3.23)
 
where the concentration ( , , )C x y z    is estimated according to the model of concentration of toxic material 
(Eq.(3.20)). After the explosive energy is calculated, the blast chart (Figure 3.9) can be used to estimate 
the overpressure sP  as a function of the distance between the source and target. The impulse sI  is then 




I P t    (3.24)
 
3.2.5 Probability of fatality caused by physical-chemical phenomena (fatality case b) 
 
All the models from the previous section can be used to estimate the intensity of physical-chemical 
phenomena as a function of the distance between the source and target. This information is needed to 
compute the probability of fatality due to fatality case b, P[F(b)], which is a function of the intensity of 
the physical-chemical phenomena. It can thus be realised that P[F(b)] depends on: 
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- the type of triggered physical-chemical phenomenon, 
- the severity of the damage state of the unit, which affects the severity of the LOC state, and 
- the distance between the source (i.e. the unit) and the target. 
 
The most widespread models in literature for estimating the probability of fatality P[F(b)] are based on 
probit functions [124], which are generally expressed as: 
 
ln( )Y a b V    (3.25)
 
where Y is the probit, V is a variable function of the intensity of the physical-chemical phenomenon, and 
a and b are so-called probit coefficients. In probability theory, the probit function is the quantile function 
associated with the standard normal distribution. Probit coefficients may be found in the Green Book 
[124], which is another manual elaborated by The Netherlands Organization of Applied Scientific 
Research, entitled "Methods for the determination of possible damage to people and objects resulting 
from the release of hazardous materials". Different probit coefficients are provided for cases of different 
intensity measures of physical-chemical phenomena. In the case of the concentration of toxic material, 
these coefficients may differ for different toxic materials. For example, Table 3.2 presents probit 
coefficients for the cases of radiation, overpressure, and the toxic release of ammonia (NH3) [47]. In the 
same table, the method for calculating variable V in Eq.(3.25) is indicated.  In particular, in the case of 
heat radiation, the V is the product 1.33 eHR t , where HR is the heat radiation in kW/m
2, estimated as 
explained in the previous sections for the case of a pool fire, and et  is the exposure time in seconds. In 
the case of overpressure, the V is the overpressure sP  in psig (1 psig = 6.9 kPa), obtained as explained 
for the vapour cloud explosion. In the last case, V is related to the intensity of toxic release and is given 
ad the product 2HM eC t , where HMC  is the concentration of the toxic released material in ppm, and et  is 
again the exposure time, expressed in minutes.  
 
Table 3.2: Probit functions for estimating the probability of fatality due to physical-chemical phenomena [47] 
 
 a b V 
Radiation 14.9  2.56 1.33 eHR t  
Overpressure 1.47 1.37 sP  
Toxic release of NH3 9.82  0.71 2HM eC t  
 
Using the probit coefficients in Table 3.2, and the intensity of physical-chemical phenomena provided 
by the models in the previous section as a function of source-target distances, the probit Y can be 
estimated according to Eq.(3.25). The general relationship between probit Y and probability P[F(b)] is 












            
  (3.26) 
 
where  and  are median and variance of the Gaussian distribution, and V reflects the intensity of the 
physical-chemical phenomenon as defined in Eq.(3.25). However, Eq.(3.26) cannot be solved 
analytically. Therefore, the relationship between the probit Y and the probability for the fatality event, 
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P[F(b)], can be obtained simply by using the function shown in Figure 3.10, which was proposed by 
Finney (1971) [125] and also used in Vilchez et al. (2001) [126].  
 
 
Figure 3.10: Relationship between probit and probability [125] 
 
3.2.6 Probability of damage state of a unit caused by physical-chemical phenomena 
 
A model for this probability is required because it is assumed that some of the physical-chemical 
phenomena may trigger a domino effect (fatality case c). The models available in the literature to 
estimate the probability of this event are again based on probit functions. The probit is expressed as a 
function of the intensity of the chemical-physical phenomenon (Eq.(3.25)). The probit functions are 
different for the different types of units which may be damaged. In Table 3.3, the probit coefficients are 
summarised for different units and types of physical-chemical phenomena. They can be used to estimate 
the probability of collapse of residential buildings, storage warehouses, and tanks due to selected 
physical-chemical phenomena. It is assumed that residential buildings and storage warehouse can 
collapse only because of a vapour cloud explosion, and tanks can collapse because of vapour cloud 
explosions, pool fires and fireballs. The toxic dispersion alone does not cause structural damage. Also, 
it has been shown before that flash fires are generally excluded from domino effect analysis because of 
the short duration of this phenomenon [36]. Because of the lack of data, the collapse of a unit will be 
the only damage state considered as possibly caused by the physical-chemical phenomenon.  
 
Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 57 
Doctoral dissertation. Ljubljana, UL, Faculty of Civil and Geodetic Engineering, Built Environment. 
 
Table 3.3: Probit functions for the estimation of the probability of collapse of a unit caused by physical-chemical 
phenomena. The parameters Ps, Is, HR, and Vol refer to peak overpressure in Pa, impulse in Pa∙s, heat radiation 
in kW/m2, and volume of target units 
 
Target units VCE Reference 
a b V 
Residential buildings 




   
      
 
The Green Book 
[124] Storage warehouses 
Tanks 18.96  2.44 sP  Cozzani and Salzano 
(2004) [44] 
 PF and FB 
a b V
Tanks 







 Cozzani et al. (2006) 
[46] 
 
3.2.7 The uncertainties associated with the models of the probability of fatality 
 
In the previous sections, the models used to evaluate the probability of fatality have been presented. 
These models are coupled with the MC method, as shown in Section 3.1.3. Particular attention has been 
paid to the models for the intensity of physical-chemical phenomena, which are needed to estimate the 
intensity measures of pool fires, flash fires, toxic dispersions and vapour cloud explosions. Such 
computations require the application of various mathematical models, assumptions, and empirically 
obtained data. However, the parameters associated with these model may include different kinds of 
variability, imprecision and uncertainty [127].  
 
The uncertainties are usually decomposed into uncertainty in a model itself and uncertainty in model 
parameters. These uncertainties refer to adopted empirical constants, various assumptions, methods of 
computation, and other sources of uncertainty. For example, in a model of dispersion of toxic gasses, 
such as the Gaussian Plume Model, many variables affect the values of the dispersion parameters y  
and z  (Eq.(3.20)), as discussed in [128]. Moreover, it is difficult to choose the appropriate value of 
the wind velocity u because it is not possible to predict the exact meteorological condition when an 
accident occurs. Uncertainties also occur in the model of heat radiation in the case of pool fire, e.g. in 
calculating the pool shape, height, and extent [129]. Moreover, the models of fatality due to the direct 
impact of the debris, the model of the probability of damage caused by chemical-physical phenomena 
and many others can also be considered uncertain. 
 
In general, the effect of uncertainty should be taken into account at least by considering that the uncertain 
parameters of the model are distributed according to given probability distributions. For example, for 
the case of Gaussian Plum Model, Siuta et al. [129] suggested using triangular distributions for wind 
velocity u. However, more sophisticated distributions can also be used if the relevant data are known. 
For example, Chutia [130] considered normal distributions for wind speed. These uncertainties and 
many others may be incorporated into MC simulations, through the random generation of the uncertain 
variables. For example, for each MC simulation, the parameters in Eq.(3.20) may be randomly sampled, 
according to their distributions (e.g. [129,130]). In other words, at each simulation, all the uncertain 
parameters associated with models of the probability of fatality could be generated based on the adopted 
probability distribution functions, rather than assuming that their values are constant. 
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The uncertainties discussed above are related to the models used to estimate the probability of fatality. 
However, there are many other sources of uncertainties. For example, seismic fragility functions 
considered for this methodology account for the record-to-record randomness but not for the effects of 
epistemic uncertainties. Consideration of such uncertainties may increase the risk of collapse of 
structures, as shown in [131,132], which can affect the fatality risk too. Because the proposed 
methodology is already quite complex, it was decided not to address the impact of uncertainty, although 
it may be substantial as discussed above. Therefore, the results presented in the following section are 
derived without considering the source of epistemic uncertainties, which is a topic for future research.  
 
3.3 Application to a case study 
 
The proposed methodology is demonstrated by developing fatality risk maps for a typical industrialised 
urban area, composed of industrial units and other units of the built environment. The individual risk is 
estimated for the entire area presented in Figure 3.11a. The layout of the investigated system, which is 
schematically presented in Figure 3.11b, consists of two tanks (TK1 and TK2), two storage warehouses 
(SW1 and SW2), and 33 residential buildings (RB1, RB2, etc.). In order to investigate the effects of 
earthquakes on such a system, it is assumed that the system is located in Priolo Gargallo, Sicily, which 






Figure 3.11: (a) a typical industrialised urban area composed of industrial units and other units of the built 
environment [133], and (b) layout of the investigated system with an indication of the units and the grid of 
targets. The red square identifies the target for which intermediate results are presented later in this section. For 
brevity, the notation is presented for only 3 residential buildings (RBs), while all 33 RBs were considered in 
calculations 
 
3.3.1 Calculation of the individual risk for one target of the grid 
 
The calculations were performed by following the processes in the flowchart (Figure 3.8). First, the area 
of interest was discretised into a grid of targets, defined by squares with dimensions of 25×25 m. Then, 
the units of the system were identified and defined. The two tanks are characterised by a diameter of 
80 m and a height of 20 m. The geometries of the tanks were considered to be identical. It was assumed 
that tank TK1 contained ammonia, which is a toxic gas, while tank TK2 contained gasoline, which is a 
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industrialised area presented in Figure 3.11. It is also not likely that such a configuration exist, but it 
was investigated in order to demonstrate the capability of the proposed methodology. The units of the 
system also include the storage warehouses, which were precast concrete buildings, and the residential 
buildings, which were considered to be reinforced concrete frame structures.  
 
The potential damage to each unit was classified with four (nDS = 4) different damage states, which are 
described in Table 3.4. The damage states of the tanks are consistent with those defined in [134]. The 
damage states for the residential buildings were taken from [111]. The damage states for the storage 
warehouses were taken from [135]. The details are presented in Table 3.4. The LOC states for the tanks 
were defined in accordance with the Purple Book [35], and are thus classified as a minor loss, intense 
loss, and catastrophic loss LOC states. 
 





Description of damage states 




Hairline cracks in some 
beams and columns 




Damage to roof other than 
buckling, minor loss of contents, 
minor damage to piping, no 




Hairline cracks in most 
beams and columns 




Structural fracture with minor 




Some of the frame 
elements have reached 




Structural fracture with major 
loss of content, severe damage, 
broken pipes 
DS4 Collapse Structural collapse Structural collapse Total failure, tank collapse 
 
The relevant input data for the computation of the probability of fatality due to the damage state of a 
unit, P[Fg | D(Ui) = DSd] are the models for the probability of intermediate events from the event trees. 
In the framework of this example, the following models were defined: 
 
Probability of fatality caused by debris 
In accordance to Zuccaro and Cacace [109], it was assumed that the probability of fatality caused by 
debris, P[F(a)], is equal to 0.08 for extensive damage (i.e. DS3), equal to 0.3 for the collapse damage 
state (i.e. DS4), and equal to 0 for DS1 and DS2. The same values of P[F(a)] were taken into account 
for all the units of the system, even if these values were less reliable for the case of industrial units (such 
as tanks), which were not considered in [109]. Moreover, the probability P[F(a)] was assumed equal 
to 0 if the target does not occupy the same point on the grid of the source unit.  
 
Probability of occurrence of LOC states 
The deterministic relationships between damage states and LOC states, as discussed in Section 3.2 and 
presented in Table 3.5, were considered. This is the simplest approach, but it is, however, also the most 
common in the literature (e.g. [47,101,113]). 
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Table 3.5: Probability of occurrence of LOC states due to the four damage states considered 
 
Damage state P[LOC1] P[LOC2] P[LOC3] 
Slight damage 1 0 0 
Moderate damage 0 1 0 
Intense damage 0 1 0 
Total collapse 0 0 1 
 
Probability of occurrence of physical-chemical phenomena as a consequence of LOC states 
The probabilities of occurrence of physical-chemical phenomena were derived from [104], as presented 
in Table 3.1. Because the tank TK1 contains a toxic gas, the only possible physical-chemical 
phenomenon which could be triggered as a consequence of a LOC is a toxic dispersion, with probability 
P[TD]=1. The tank TK2 contains a flammable and volatile liquid. Therefore the possible physical-
chemical phenomena which may be triggered by the LOC are pool fires, with probability P[PF]=0.065, 
flash fires, with probability P[FF]=0.561, and vapour cloud explosions, with probability P[VCE]=0.374.  
 
Models for the intensity of physical-chemical phenomena  
Physical-chemical phenomena may be triggered both by a LOC from tank TK1 or tank TK2. The 
intensity measures of physical-chemical phenomena were calculated as presented in Section 3.2.4. For 
the calculation, only the Pasquill stability class F and the speed velocity 2u  m/s2 were assumed, which 
is often considered to be the most conservative approach with respect to the extent of dispersion of toxic 
and flammable materials [36]. 
 
In the case of tank TK1, it is necessary to estimate the intensity of the concentration of the gas at the 
given distance between source and target in order to simulate the effect of a toxic dispersion. Thus, the 
concentration of toxic gas was estimated using Eq.(3.20) as a function of the release rate HMq , which 
was calculated with Eq.(3.21). In order to calculate the release rate HMq , an equivalent area of the hole 
Ah in the industrial unit (i.e. the size of the damaged part) must be considered. For this purpose, the 
percentage of content lost because of damage states of the tank was obtained from [134]. In particular, 
according to [134],  the percentage of lost content over a period et  is 1%, 20%, 40%, and 100%, 
respectively, for DS1, DS2, DS3, and DS4. The period et  was set to 15 min (as in [112]). The equivalent 
area of the hole Ah, which increases with the severity of the damage state, was thus calculated to be 
consistent with a release equal to the percentage of content lost defined for each damage state.  
 
The resulting concentration of toxic gas, caused by damage state DS2 of the tank TK1, is presented in 
Figure 3.12 as a function of the downwind and crosswind distances from the source of release. The y  
and z  were estimated as a function of the downwind distance and the Pasquill stability class F [103]. 
The considered toxic gas (i.e. ammonia) is characterised by the specific heat ratio 1.32   and by 
density 0 0.73   kg/m3. It was assumed that the pressure in operating conditions is the atmospheric 
pressure. Because the target is defined by an individual, the height z  is assumed to be equal to 1.7 m. 
In order to make a conservative estimation, it was assumed that the wind was always blowing in the 
direction from the source to the target. 
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Figure 3.12: The concentration of toxic gas as a function of crosswind and downwind distances from the point 
source 
 
The heat radiation, as a function of the distance from the source to the target, must be modelled in the 
case of tank TK2. For this purpose, Eq.(3.19) was used, and the resulting heat radiation is presented in 
Figure 3.13a. The chemical characteristics of the gasoline in tank TK2 are cH = 44.0 MJ/Kg, FS = 0.30, 
m  = 0.055 Kg/(m2s), and k 
 
= 2.1 (from [103]). In the calculation, it was assumed that the diameter 
of the pool fire was equal to the diameter of the tank and that the wind coefficient was equal to 1. The 
blast charts from the Multi Energy model [103] (Figure 3.9) were used to estimate the expected impulse 
and overpressure as a function of the distance from the source to the target, shown in Figure 3.13b, for 
the case of a LOC from tank TK2.  
 
(a) (b) 
Figure 3.13: (a) pool fire heat radiation as a function of the distance from the source to the target [103] for the 
case of tank TK2, containing gasoline, and (b) impulse and overpressure following a vapour cloud explosion as a 
function of the source-target distance for the case of tank TK2, containing gasoline 
 
Probability of fatality and probability of damage states caused by physical-chemical phenomena 
The probit functions presented in Sections 3.2.5 and 3.2.6 were used to estimate the probability of 
fatality and the probability of damage to a unit caused by physical-chemical phenomena. The time of 
exposure was set to 15 min, which is consistent with the assumption made in [112]. 
 
On the basis of the described input data, the computation of P[Fg | D(Ui) = DSd] began with implementing 
the MC simulations (as defined in Section 3.1.3). For the calculation of the probability of fatality in a 
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simulations were performed. Each set consisted of 2·105 simulations. The algorithm for MC simulations 
was developed in Matlab [136]. 
 
The probabilities for the damage state of a unit given the intensity measure P[D(Ui) = DSd | IM = im] were 
then calculated. For this purpose, it is necessary to estimate seismic fragility functions for each unit and 
each damage state. In this example, the parameters of the seismic fragility functions of the units were 
taken from the literature. The median seismic intensity causing a designated damage state, DS , and the 
corresponding logarithmic standard deviation, DS , are presented in Table 3.6. The tanks were 
considered to be anchored, and seismic fragility functions were based on [111]. For the storage 
warehouse, the parameters of the seismic fragility functions were taken from [135] by assuming they 
belonged to building class 9. The residential buildings were considered to be reinforced concrete 
buildings, and the corresponding seismic fragility functions were taken from [111]. All fragility 
functions were defined for peak ground acceleration (PGA). It should be noted that the seismic fragility 
functions used for this case study were not derived precisely for each unit of the industrialised urban 
system. For brevity of demonstration, the seismic fragility functions assigned to the units were adopted 
from the literature as presented in Table 3.6. However, the methodology is not limited to the definition 
of the damage states, and it can still be applied if seismic fragility functions are precisely derived for 
each unit of the system. For example, the fragility functions for storage tanks could be derived according 
to the procedure proposed by Phan et al. [137]. In such a case, the damage states are associated with 
specific ranges of engineering demand parameters. Further details may be found in [88]. 
 




TK1, TK2 SWs RBs 
DSg] DS DSg] DS DSg] DS 
DS1 0.71 0.80 0.13 0.46 0.11 0.64 
DS2 2.36 0.80 0.29 0.48 0.22 0.64 
DS3 3.72 0.80 0.49 0.43 0.62 0.64 
DS4 4.26 0.80 0.57 0.43 1.35 0.64 
 
The probabilities of fatality at the g-th target, due to damage to the i-th unit and caused by ground motion 
with an intensity level IM=im, i.e. P[Fg | D(Ui), IM = im], were calculated according to Eq.(3.10). The 
Eq.(3.5) was then applied to calculate the probability of fatality at the target P[Fg | IM = im], for a range 
of PGA values between 0 and 4 g. The resulting probabilities are presented as a function of the PGA in 
Figure 3.14a, for the target indicated in red Figure 3.11b (i.e. in the same position as the residential 
building RB1). The so-obtained curve was integrated together with the derivative of the seismic hazard 
curve (Eq.(3.12)) in order to obtain the annual rate of fatality ,F g  at the g-th target. The seismic hazard 
curve for Priolo Gargallo, shown in Figure 3.14b, was obtained using the software Reassess [138].  
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(a) (b) 
Figure 3.14: (a) probability of fatality at the g-th target as a function of the intensity measure PGA; (b) hazard 
curve for Priolo Gargallo 
 
3.3.2 Derivation of fatality risk maps 
 
The above-described procedure was repeated for all the targets in the grid (Figure 3.11b) in order to 
obtain the fatality risk over the entire area of interest. The computational time for the whole procedure 
was about 160 minutes. The resulting fatality risk map is shown in Figure 3.15. Different colours in the 
graph identify iso-risk curves, i.e. curves characterised by the same value of IR. It can be observed that 
the highest IR (most intense shade of red in Figure 3.15) is in the immediate surroundings of TK1, which 
contains ammonia. This is because the probability of toxic dispersion in the case of the damage of TK1 
is equal to 1 (Table 3.1), and the probability of fatality in the case of such a concentration of ammonia 
is very high. The fatality risk then decreases with distance from the tank, because the concentration of 
the toxic gas in the atmosphere also decreases. For greater distances from the tanks, the iso-risk curves 
become circular around TK2. This happens because the probability of fatality caused by leakage from 
the tank TK2 does not quickly decrease with the distance. Peaks of IR can also be observed in the 
immediate surroundings of the units because of the direct impact of debris (fatality case a). 
 
    
Figure 3.15: Fatality risk map of the individual risk IR for the presented case study by considering domino 
effects 
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It should be emphasised that Figure 3.15 presents the fatality risk map obtained by considering the 
domino effect. However, for the sake of comparison, the fatality risk map was also calculated by 
neglecting the domino effect (Figure 3.16). In this case, it was considered that a person standing at a 
target might die only because of the direct impact of debris, or because of the chemical consequences 




Figure 3.16: Fatality risk map of the individual risk IR for the presented case study without consideration of 
domino effects 
 
It can be observed that the values of IR in the whole area are significantly lower than those observed in 
the case when domino effects were considered. The highest values of IR are observed again in the 
immediate surroundings of tank TK1. However, in the case of Figure 3.15, tank TK1 can suffer damage 
because of the seismic event as well as because of the domino effect triggered by tank TK2. Namely, 
tank TK2 contains a flammable liquid and may cause a pool fire or a vapour cloud explosion. In the case 
of pool fire or the explosion of tank TK2, there is a high probability that tank TK1 will suffer structural 
damage and triggers toxic dispersion. This event is not considered in the results presented in Figure 3.16. 
Therefore, not considering the domino effects in industrialised urban areas may lead to significant 
underestimation of the fatality risk in the case of a seismic event.  
 
It should be underlined that the fatality maps presented in Figure 3.15 and Figure 3.16 were obtained 
under the assumption of independent fatality events (see Eq.(3.8)), which provide the upper bound 
fatality risk. In order to investigate the overestimation of the fatality risk due to this assumption, the 
lower bound fatality risk and the corresponding fatality maps were derived by considering dependency 
between fatality events. Because the two tanks TK1 and TK2 store different types of hazardous 
materials, the full dependency between fatality events cannot be assumed. However, full dependency 
was assumed between the damage states of the two units. Tanks TK1 and TK2 are considered identical 
as far as the seismic response is regarded since they are characterised by the same seismic fragility 
functions. Thus, the assumption of full dependency is limited to the structural damage of the two tanks 
TK1 and TK2. The fatality maps obtained under the assumption of full dependency between structural 
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domino effects. By comparing fatality risk from Figure 3.17a and that from Figure 3.15, as well as by 
comparing Figure 3.17b and Figure 3.16, it can be concluded that the difference in the IR is observed 
only in the close surrounding of the tank TK1. In the remaining area, the fatality risk maps obtained 
under the assumptions of full independency and full dependency between structural damage of the two 
tanks, are only slightly different or practically the same. Therefore, the overestimation due to the 
assumption of full independency is limited to a small area surrounding TK1. However, this result is 







Figure 3.17: Fatality risk maps obtained by assuming full dependency between structural damage of the two 
tanks: (a) with and (b) without consideration of domino effects 
 
The fatality risk maps can be used for decision-making regarding safety issues in industrialised urban 
areas. For this purpose, risk acceptance criteria may be found in the literature [139,140]. For instance, 
according to [139], the maximum tolerable IR in the case of nuclear facilities and onshore processes is 
equal to 10-4 per year. If this value of IR is considered as a threshold for the example presented in this 
study, then the iso-risk curve corresponding to an IR equal to 10-4 per year, as shown in Figure 3.18, 
defines the area which can be considered safe. Based on this information, stakeholders can rationally 
decide on actions to reduce risk in unsafe areas. Therefore, risk studies must account for all phenomena 
which may cause fatality events. For example, if multi-hazard domino effects were disregarded in this 
example, the iso-risk curve corresponding to an IR equal to 10-4 per year would be quite biased 
(Figure 3.18). This can be demonstrated by deriving the safety distances, i.e. the distances from a 
hazardous facility, along a given direction, at which the individual risk is less than the acceptable 
risk [38]. In particular, in Figure 3.18, the safety distances from the centre of the facility (point C in 
Figure 3.18), obtained with and without consideration of domino effects, are highlighted. When domino 
effects are neglected, the safety distance, along the direction presented in Figure 3.18, is equal to 360 m, 
while it is equal to 450 m when domino effects are taken into account. Therefore, for this specific case 
study, the consideration of domino effects increases safety distance for 23%. This again emphasizes the 
importance of considering domino effects in the risk assessment of industrialized urban areas. However, 
it should be underlined that the individual risk does not directly provide information on the expected 
number of fatalities, because it does not take into account, by definition, the actual population of the 
area. This issue will be solved in the following chapter, which presents a methodology for the calculation 
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It should be noted that the results presented in this section are not related to any specific industrialized 
urban area. Moreover, it is worth to emphasize that the results are based on existing models of the 
probability of fatality, which were taken from the literature, rather than on empirical fatality data 
collected from historical Natech events. Therefore, the presented example demonstrates the proposed 
methodology, while the results can be further improved by addressing the uncertainty and accuracy of 
the models of the probability of fatality used in the presented cases study.  
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4. EXPECTED NUMBER OF FATALITIES DUE TO MULTI-HAZARD DOMINO EFFECTS 
IN INDUSTRIALISED URBAN AREAS 
 
In the previous chapter, a methodology for risk assessment of industrialised urban area has been 
proposed. The considered risk metric was the individual risk (IR), defined as the annual probability of 
fatality for an individual who is continuously standing for one year at a point of the area of interest. The 
individual risk describes the geographic distribution of risk for the area under consideration. It is used 
to assess whether individuals are exposed to more than an acceptable risk in the location where they 
may spend time [38]. Individual risk is typically used to derive iso-risk curves, which are, for example, 
presented in Figure 3.15, and are considered useful for spatial planning [42] to identify the zones of the 
lowest or the highest risk in the investigated area. In risk assessment practice, an individual risk criterion 
may be used to define the intolerable and the negligible risk. New models of risk communication also 
allow distinguishing between short-term and long-term risk tolerance, as presented in [141]. However, 
as discussed in [142], it should be understood that there is no single universal level of acceptable 
individual risk. People are prepared to accept a wide variety of risks depending on their perception of 
risk and benefits. In general, higher risks are accepted if the risk is voluntary, while lower values should 
be considered as tolerable when people are exposed to risks over which they have little or no 
control [142].  
 
Different criteria for individual risk may be found in the literature. For example, in the Netherlands, 
individual risk lower than 10-6 is considered acceptable for the case of hazardous installations, transport 
routes and airports [39]. Duijm [38] offered a broad overview of individual risk criteria among several 
European countries. He found that European countries generally agree on acceptance criteria for 
individual risk of 10-6, but higher values are permitted inside industrialised areas. For instance, a 
document of the Health and Safety Executive on the tolerability of risks in industrial installations [143] 
suggests values of acceptable individual risk for employers of 10-4.   
 
However, the individual risk does not directly provide information on the expected number of fatalities, 
because it does not take into account, by definition, the number and the daily, weekly and annual 
migration of people in the area of interest. In particular, it does not consider the effective spatial density 
of the exposed population and the temporal variability of the exposure [36]. Moreover, in the calculation 
of individual risk, it is assumed that the individual is permanently at the location of interest, which does 
not provide a realistic estimation of the fatality risk. For this reason, it is better to refer to the concept of 
the expected number of fatalities per year over the entire area of interest, which is usually adopted when 
discussing risk acceptance for third parties [38]. In the field of quantitative risk analysis, the expected 
number of fatalities per year over the area of interest is termed as potential loss of life (pll) [42]. 
 
In this chapter, a methodology to evaluate the potential loss of life for industrialised urban areas is 
presented. The input risk measure for the evaluation of the potential loss of life is the individual risk, 
which is introduced in Chapter 3. In order to calculate the potential loss of life, the spatial distribution 
of people in the area should be considered. For this purpose, three population models are developed in 
the following, in order to simulate the distribution of people in different zones of the industrialised urban 
area. In particular, the first model simulates the density of people inside buildings (e.g. residential units, 
offices, warehouses, etc.). The second model is used to evaluate the density of people nearby industrial 
units. The third model anticipates the density of people in the zones far from the units (e.g. on the roads, 
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parking, public parks, etc.). The proposed population models take into account the temporal variability 
of the distribution of people over the year. Finally, a risk criterion is proposed to establish the potential 
loss of life that can be considered as tolerable in the area under consideration.  
 
4.1 The potential loss of life in industrialised urban areas 
 
The potential loss of life, pll, measures the expected number of fatalities per year over the area of interest. 
In order to compute the pll, the area of interest is discretised in a grid of targets analysed separately 
(e.g. see Figure 3.11). A uniform population density within each target has then to be assumed, following 
the guidelines provided by the Purple Book [35]. The individual risk IR, as defined in Chapter 3, is the 
probability of fatality for a person continuously standing at the target (x,y) for one year. It is thus intuitive 
to understand that the annual number of fatalities at a target is the product of IR and the number of 
people who are, in theory, continuously standing at the target for one year, p. Therefore, the potential 
loss of lives can be calculated by integrating the product of IR(x,y) and p(x,y) over the entire area A of 
interest [42]: 
 
( , ) ( , )
A
pll IR x y p x y dxdy   (4.1)
 
Since a discrete number of targets is considered, the integral in Eq.(4.1) can be replaced by a summation, 








   (4.2)
 
where Tn  is the number of targets in the grid, IRg is the individual risk at the g-th target and pg is the 
number of people who are, in theory, continuously standing at the g-th target of the grid for one year. 
This number of people pg is termed as the equivalent annual population at the target and is a 
time - weighted average number of people over the period of one year, as explained in the following 
sections.  
 
It was shown in Chapter 3 that the IRg can be obtained as in Eq.(3.15). By replacing Eq.(3.15) into 
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From Eq.(4.3), it can be observed that the pll depends on the equivalent annual population pg at each 
target, the fragility functions for the units (through P[D(Ui) = DSd | IM = im]), the hazard curve for the 
location IM , and the model of probabilities for different events (see Figure 3.8) which are needed to 
calculate the probability P[Fg | D(Ui) = DSd] using MC method. Apart from the pg, all the terms in Eq.(4.3) 
have been introduced in the previous chapter. The estimation of the equivalent annual population pg at 
each target is therefore presented in the following section. 
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4.2 The equivalent annual population at each target of the area 
 
The expressions introduced in Section 4.1 allow calculating the potential loss of life as a function of the 
individual risk, IR, and the number of people who are continuously standing at each target for one 
year, pg. However, it should be realised that the number of people at a target is not constant in time, 
because the distribution of the population is a function of time and it can vary significantly during the 
day, week and months. For example, most residents are in their own homes during the night, while 
during the working day they are at work or in school. The distribution of the population also varies 
between workdays and weekends and is affected by holidays and school holidays during the 
summer [31,144]. This means that, in practice, people do not continuously stand at a target for one year, 
and the number of people standing at the target changes hour by hour, day by day and month by month. 
However, due to the random nature of earthquakes, it is not possible to predict the time when the seismic 
event occurs. Therefore, the pg should be obtained as a time-weighted average number of people over 
the period of one year. The temporal variability of the distribution of the population is caught by so-
called population models, which are developed in the following.  
 
Population models, as introduced in [144], include a definition of the peak population 1M , and the share 
2M  of this peak population. The peak population 1M  is the maximum number of people that may be 
present at the target. The 2M  is the share of 1M  that is present at the target at a given moment of the 
year. Because the number of people at a target is not constant during one year, the share 2M  varies for 
different times of the day, of the week and the months. In order to obtain the equivalent annual 
population pg, which is a time-weighted average number of people over one year, an equivalent annual 
value of 2M  should be considered, 2,eqM . The 2,eqM  is an hourly-weighted average of the share of peak 
population present at the target over the period of one year, as suggested in [31]. Based on the models 
in [31,145], the equivalent annual population pg can thus be obtained as the product between the peak 
population 1M  and the equivalent annual share of peak population 2,eqM : 
 
1 2,g eqp M M   (4.4) 
 
Because the area of interest may be versatile, different values of 1M  and 2,eqM  should be considered 
for different locations in the area. Therefore, in order to simulate the spatial distribution of the population 
in the area, three different spatial-dependent population models are introduced. These models, described 
in the following, are used to estimate 1M  and 2,eqM  at different targets, which are then used to calculate 
the equivalent annual population pg (Eq.(4.4)). In particular, the first model is used for the target 
occupied by buildings, such as residential units, offices, warehouses etc. (e.g. targets in the yellow 
background in Figure 4.1). The second model is used for the target occupied by industrial units, such as 
tanks or pipe racks (e.g. targets in the blue background in Figure 4.1). The third model is then used for 
the targets in the "open area", i.e. the targets that are not occupied by any units (e.g. all the remaining 
targets in Figure 4.1, bordered in black).  
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Targets occupied by buildings  
Targets occupied by industrial units 
Targets in the open area 
Figure 4.1: Example of different types of targets in the grid 
 
4.2.1 The population model for targets occupied by buildings 
 
If in the target there is a building, it is assumed that the equivalent annual population at the target, pg, is 
equal to the equivalent annual occupation of the building, as defined in [144]. The population model 
presented in this section is used to estimate the peak population 1M  and the equivalent annual share 
2,eqM  for targets occupied by buildings. For this population model, the parameters 1M  and 2,eqM  are 
indicated as 1BM  and 2,B eqM  respectively.  
 
The parameter 1BM  depends on the type of unit in the target (e.g. a residential unit, an office, etc.), and 
some typical values may be found in the literature. For instance, FEMA [144] proposes default values 
of 1BM  for different types of units, as reported in Table 4.1. Note that the values in the table are per 
1000 square feet (i.e. about 100 m2) of plant area of the unit. 
 
Table 4.1: Recommended default values of peak population for different types of buildings [144] 
 
Type of unit 1BM   
(per 100 m2) 
Commercial office 4.0 
Residential building 3.1 
Research laboratories 3.0 
Warehouse 1.0 
 
Another option to calculate the parameter 1BM  is to use the data of the specific case study under 
consideration. For instance, for the case of a warehouse in an industrial facility, 1BM  could be the 
number of employers supposed to be in the building. More sophisticated models of occupancy are 
already available. For example, Chen et al. [146] proposed an occupancy detection model based on 
Wi - fi and Bluetooth networks. Labeodan et al. [147] presented a review of common existing systems 
utilised in buildings for occupancy detection, mainly based on sound detection systems, electromagnetic 
signals, computer activities and many others. However, for simplicity, the default values from Table 4.1 
are used in this study. 
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The 2,B eqM  is an hourly-weighted average of 2BM  over the period of one year, where 2BM  is the share 
of peak population at a given moment of the year inside the building.  Because the number of people 
inside buildings is not constant in time, the 2BM  varies during the day, the week and the months. 
Moreover, the 2BM  depends on the type of unit in the target. For example, in the case of residential 
units, it is expected that all the occupants of the building are inside during the night. Therefore, 100% 
of the peak population is present in a residential building during the night ( 2BM =100%). In the case of 
offices or warehouses, 0% of the peak population is present because people are not at work during night 
( 2BM =0%). On the contrary, during the daytime, the number of people is high in offices and low in 
residential buildings. The parameter 2BM  also varies between workdays and weekends. Indeed, it is 
expected that more people stay at home during the weekend in the daytime, while the percentage of 
people in offices during the weekend is almost zero because people do not go to work. Such information 
may be found in the literature (e.g. [31,35,144]). Figure 4.2 shows how the 2BM  varies during the day 
for the case or residential buildings and offices, as proposed by [144]. Both the models of the 2BM  for 
the workdays ( 2,B wdM ) and weekend ( 2,B weM ) are presented. From Figure 4.2, it can be observed that 
the 2,B wdM  in a residential building is 100% during the night. Then, at around 6:00, the 2,B wdM  starts to 
decrease (blue line in Figure 4.2a) because it is expected that people leave the houses to go to work or 
school. On the contrary, the 2,B wdM  in an office (blue line in Figure 4.2b) is 0% during the night and 
starts to increase at 6:00 because people go to work.  
 
(a) (b) 
Figure 4.2: The model of MB2 for the workdays (MB2,wd) and the weekend (MB2,we) as proposed in [144] for 
(a) residential buildings and (b) offices 
 
The 2BM  also varies during the months. For example, it is expected that fewer people than usual are at 
work during holidays and vacations. Figure 4.3 shows the monthly variation of 2BM  ( 2,B mM ) for the 
case or residential buildings and offices, as proposed by [144]. In accordance with [31], it is assumed 
that the model of 2BM  for the weekend is the same for every month. 
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(a) (b) 
Figure 4.3: The model of the monthly variation of the MB2 (i.e. MB2,m) as proposed in [144] for (a) residential 
buildings and (b) for offices 
 
On the basis of the models of 2BM  presented above, the 2,B eqM  can be obtained as a time-weighted 
average of 2BM  over the period of one year [31]: 
 
2, 2, 2, 2,
1 1 5 2
24 12 7 7B eq B m B wd B wem h h
M M dm M dh M dh
 






where 2,B wdM , 2,B weM  and 2,B mM  are provided by Figure 4.2 and Figure 4.3, respectively, m
  is the 
month and h

 refers to the hour. Consequently, by substituting Eq.(4.5) into Eq.(4.4), the equivalent 
annual population at the target, pg, in the case of targets occupied by buildings is the following: 
 
1 2, 2, 2,
1 1 5 2
24 12 7 7g B B m B wd B wem h h
p M M dm M dh M dh
 






where 1BM  is taken from the literature (e.g. Table 4.1). With consideration of the data from Figure 4.2, 
Figure 4.3, and Table 4.1, the pg results equal to 0.68∙ 1BM  and 0.24∙ 1BM  for the cases of residential 
buildings and offices, respectively. 
 
4.2.2 The population model for targets occupied by industrial units 
 
All targets which contain industrial units (e.g. a tank or a pipe rack) are considered in this population 
model. Workers in the industrial area may be in these targets in the case of inspections or maintenance 
works of the industrial unit. The population model presented in this section is used to estimate the peak 
population 1M  and the equivalent annual share 2,eqM  for targets occupied by industrial units. For this 
population model, the parameters 1M  and 2,eqM  are indicated as 1IM  and 2,I eqM  respectively. 
 
The 1IM  is the number of workers in the vicinity of the unit during inspections or maintenance works. 
Examples of 1IM  may be found in the literature. For example, Ahumada et al. [53] provided values of 
1IM  between 1 and 5. The 2,I eqM  is an hourly-weighted average of 2IM  over the period of one year, 
where 2IM  is the share of peak population at a given moment of the year in the vicinity of the industrial 
unit. However, it has to be realised that inspections and maintenance works are performed only once in 
a while. Therefore, only a few hours per year are dedicated to the inspection of industrial units. It can 
be assumed that 100% of peak population is present at the target during the hours of inspection 
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( 2IM  = 100%), while 0% of peak population is present in the other hours of the year ( 2IM  =<0%). 
Therefore, the hourly-weighted average of 2IM  , i.e. 2,I eqM , can be calculated as follows: 
 
 
where ,insp yh  is the number of hours per year dedicated to the inspection of industrial units, and 8760 is 
the number of hours in one year. The American Petroleum Institute [148] suggests some criteria to 
identify the number of hours dedicate to the inspection of different kinds of units. Also, Shuai et al. [149] 
collected data about typical inspection intervals for different crude oil tanks.  
 
By substituting Eq.(4.7) into Eq.(4.4), the equivalent annual population at the target, pg, in the case of 







p M   (4.8) 
 
4.2.3 The population model for the open area 
 
The open area consists of all other targets which are not considered in the previous population models, 
i.e. the targets not occupied by any units. For instance, some targets could be in areas where people use 
to spend their free time or where children play. Some other targets could be in abandoned areas. Because 
the open area can be versatile, several sub-areas are defined. It is assumed that each sub-area is 
characterised by a spatially homogenous density. Therefore, it is appropriate to choose sub-areas in 
which it is reasonable to assume that that people are uniformly spread. For the sake of example, in 
Figure 4.4 there is a hypothetical area, with identification of different sub-areas: the wider area 
surrounding tanks, the area surrounding the workplace (e.g. offices and warehouses), an area with 
agricultural lands and a passageway sub-area (e.g. the roads) around the residential building.  
 
  
Figure 4.4: Example of a hypothetical area divided into different sub-areas 
 
The population model presented in this section is used to estimate the peak population 1M  and the 
equivalent annual share 2,eqM  for targets in each sub-area of the open area. For this population model, 
the parameters 1M  and 2,eqM  are indicated as 1saM  and 2,sa eqM  respectively. Each sub-area is 






M   (4.7)
Targets occupied by buildings 
Targets occupied by industrial units 
Sub-area surrounding tanks 
Sub-area surrounding the workplace  
Agricultural sub-area 
Passageway sub-area 
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The 1saM  is the maximum number of people that may be present at a given target of the sub-area. 
Because it was assumed that each sub-area is characterised by a spatially homogenous density, the peak 













where 1,sa totM  is the maximum total number of people over the entire sub-area, and ,T san  is the number 
of targets in the considered sub-area. 
 
The 2,sa eqM  is an hourly-weighted average of 2saM  over the period of one year, where 2saM  is the share 
of peak population at a given moment of the year in the considered sub-area. The 2BM  varies during the 
day, the week, and the months. Therefore, the 2,sa eqM  in a given sub-area can be obtained as in Eq.(4.6): 
 
2, 2, 2, 2,
1 1 5 2
24 12 7 7sa eq sa m sa wd sa wem h h
M M dm M dh M dh
 






where 2,sa wdM ,  2,sa weM  and 2,sa mM  are the models of 2saM  for the workdays, weekends, and months, 
respectively. For the sake of simplicity, it is assumed that the population does not vary during the 




24 7 7sa eq sa wd sa weh h
M M dh M dh
 






By substituting Eq.(4.11) and (4.9) into Eq.(4.4), the equivalent annual population at the target, pg, in 








g sa wd sa we
T sa h h
M
p M dh M dh
n
 






In the following, 1,sa totM , 2,sa wdM  and 2,sa weM  are presented for the targets in the sub-areas of Figure 4.4, 
i.e. sub-areas surrounding tanks, passageway sub-areas, sub-areas surrounding workplaces and 
agricultural sub-areas. Note that sub-areas other than those presented in Figure 4.4 may be identified for 
each specific case study. Whatever is the kind of sub-area identified, the Eq.(4.12) is still applicable if 
the parameters 1,sa totM , 2,sa wdM  and 2,sa weM  are properly assessed. 
 
4.2.3.1 The population model for targets in sub-areas surrounding tanks 
 
In the case of the sub-area surrounding tanks, the maximum number of people 1,sa totM  is the total number 
of workers who may be in the vicinity of the tanks, as suggested by [99]. People are in this sub-area 
during the working hours. Therefore, the same models of 2saM  as provided in [144] for working places 
can be used, which is presented in Figure 4.5 for the workdays and the weekend (i.e. 2,sa wdM  
and 2,sa weM  ).  
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Based on these assumptions, the pg  from Eq.(4.12) is the following:  
 
1, ,0.31g sa tot T sap M n   (4.13)
 
 
Figure 4.5. The model of Msa2 for the workdays (Msa2,wd) and the weekend (Msa2,wd) for sub-areas surrounding 
tanks (i.e. the same as for working places in [144]) 
 
4.2.3.2 The population model for targets in the passageway sub-area 
 
In the case of the passageway area (e.g. roads, highway), it is assumed that the maximum number of 
people 1,sa totM  is the sum of all the people living in the residential buildings in the area (i.e. the sum of  
1BM  for all the residential buildings). People may be in the passageway when they are not in their houses. 
However, after leaving home, people do not spend their time in the passageway but go to other places. 
It is assumed that these other places are outside the area of interest. Therefore, people are in the 
passageway only for the time of travel. Such travel time depends on the size of the sub-area and traffic 
conditions. For the sake of simplicity, it is assumed that the travel time on average is 1 hour.  
 
The share of people who are not at home during the workdays is given by the complementary of 2,B wdM  
(see Figure 4.2a), which is shown in blue in Figure 4.6a. It can be seen that between 5:00 and 9:00 
people leave home and go out. Assuming that the travel time is 1 hour, the share of people who are 
outside of the area can be obtained by shifting the blue curve one hour to the right (i.e. green curve in 
Figure 4.6a in the interval 6:00 - 10:00). On the contrary, between 13:00 and 20:00, people arrive at 
home. Therefore, in this interval, the share of people outside the area is obtained by shifting the blue 
curve of one hour to the left (i.e. green curve in Figure 4.6a in the interval 12:00 - 19:00). It is assumed 
that people are in the passageway sub-area if they are not at home nor outside the area. Therefore, the 
model of 2,sa wdM  can be obtained as the difference between the share of people who are not at home 
(blue curve in  Figure 4.6a) and the share of people who are outside of the area (green curve in  
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(a) (b) 
Figure 4.6: (a) the share of people not at home and outside the area of interest during the workdays; (b) the 
model of Msa2 for the workdays (Msa2,wd) for the passageway sub-area 
 
The same procedure is followed to obtain the model of 2saM  during the weekend. The complementary 
of 2,B weM  for residential buildings is shown in blue in Figure 4.7a. The share of people outside the area 
is obtained again by assuming a travel time of 1 hour (green curve in Figure 4.7a). The model of 2,sa weM  
is then obtained as the difference between the share of people who are not at home and the share of 
people who are outside of the area (Figure 4.7b). 
 
(a) (b) 
Figure 4.7: (a) the share of people not at home and outside the area of interest during the weekend; (b) the model 
of Msa2 for the weekend (Msa2,we) for the passageway sub-area 
 
The models of 2saM  for workdays ( 2,sa wdM ) and weekends ( 2,sa weM ) for the passageway sub-area, which 
are obtained as explained above (see Figure 4.6b and Figure 4.7b), are plotted together in Figure 4.8. 
From Figure 4.8, it can be observed that the 2,sa wdM  is never greater than 30%. This low number is 
because it is not expected that all the people are in the passageway area at the same time. In other words, 
some people may arrive outside the area before that other people leave home.  
 
With consideration of the models of 2saM  presented in Figure 4.8, the pg from Eq(4.12) is the following:  
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Figure 4.8: The models of Msa2 for the workdays and the weekend for the passageway sub-area 
 
4.2.3.3 The population model for targets in sub-areas surrounding workplaces 
 
In this case, it is assumed that the maximum number of people 1,sa totM  is the total number of employers 
in the workplace (e.g. a warehouse). It is assumed that these employers arrive at this sub-area coming 
from outside the area of interest. People are in the sub-area surrounding workplaces before entering and 
after leaving the warehouse. It is assumed that this time is 30 minutes. Therefore, 30  minutes before 
entering the warehouse and 30 minutes after leaving the warehouse, people are outside the area of 
interest. 
 
The share of people who are in the workplace during the workdays is given by the model of 2,B wdM  for 
storage warehouses, which is taken from [144] and shown in Figure 4.9a. It can be seen than between 
6:00 and 9:00 people enter in the warehouse. Assuming that these people have spent 30 minutes before 
entering the warehouse, the share of people who come from outside the area can be obtained by shifting 
the blue curve 30 minutes to the left (i.e. green curve in Figure 4.9a in the interval 5:30 - 8:30). On the 
contrary, between 17:00 and 20:00, people leave the warehouse. Therefore, in this interval, the share of 
people who go outside the area can be obtained by shifting the blue curve 30 minutes to the right (i.e. 
green curve in Figure 4.9a in the interval 17: 30 - 20:30). The model of 2,sa wdM  for the sub-area 
surrounding workplaces can thus be obtained as the difference between the share of people who are 
outside the area (green curve in  Figure 4.9a) and the share of people who are inside the warehouse (blue 
curve in  Figure 4.9a). The result is shown in Figure 4.9b. 
 
(a) (b) 
Figure 4.9: (a) the share of people in the warehouse and outside the area of interest during the workdays and 
(b) the model of Msa2 for the workdays (Msa2,wd) for the sub-area surrounding workplaces 
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The same procedure is followed to obtain the model of 2saM  during the weekend. The model of 2,B weM  
for storage warehouses is shown in blue in Figure 4.10a. This trend is characterised by low numbers 
because it is not expected that people go to work during the weekend. The share of people outside the 
area is the green curve in Figure 4.10a. The model of 2,sa weM  is then shown in Figure 4.10b.  
 
(a) (b) 
Figure 4.10: (a) the share of people in the warehouse and outside the area of interest during the weekend and 
(b) the model of Msa2 for the weekend (Msa2,we) for sub-area surrounding workplaces 
 
The models of 2saM  for workdays ( 2,sa wdM ) and weekends ( 2,sa weM ) for the sub-area surrounding 
workplaces, which are obtained as explained above (see Figure 4.9b and Figure 4.10b), are plotted 
together in Figure 4.11. 
 
With consideration of the models of 2saM  presented in Figure 4.11, pg from Eq.(4.12) is calculated as 
follows: 
 




Figure 4.11: The models of Msa2 for the workdays and the weekend for the sub-area surrounding workplaces 
 
4.2.3.4 The population model for targets in agricultural sub-area 
 
In this case, the maximum number of people 1,sa totM  is the total number of people who work the land. 
Information about such a number, which depends on the type of cultivation, may be found in the 
literature (e.g. [150]). People are in this sub-area during the working hours. Therefore, the same models 
of 2saM  as provided in [144] for working places can be used, as presented in Figure 4.5 for the workdays 
and the weekend. 
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4.2.4 The equivalent annual population over the entire industrialised urban area 
 
The equivalent annual population over the entire industrialised urban area, Np,a, is a time-weighted 
average number of people in the entire area over the period of one year. Such a value can be obtained 
by summing the equivalent annual population pg at each target, which accounts for the temporal 












where Tn  is the number of targets in the grid that discretises the investigated area. 
 
4.3 The tolerated potential loss of life 
 
The potential loss of life, pll, is usually adopted when discussing risk acceptance for third parties [38], 
because it is a quantity easy to be understood. Therefore, it makes sense to set a performance requirement 
for an industrialised urban area in terms of a tolerated potential loss of life, pllt. The pllt is the potential 
loss of life considered as acceptable, which, in other words, is the tolerated level of risk. However, the 
definition of pllt is not straightforward. A brief discussion is still needed, as detailed in the following.   
 
In the framework of this work, the pll has been calculated by integrating the individual risk and the 
equivalent annual population at each target (Eq.(4.1)). However, Laheij et al. [151] showed that the pll 
could be calculated from an f - N curve (e.g. [1,42,43]), which displays the frequency ( )f N  of exceeding 
a certain number of fatalities N per year, as a function of the number of fatalities, N, on a logarithmic 









   (4.17)
 
where N is the number of fatalities, Np,a is the maximum number of people who could potentially die, 
i.e. the equivalent annual population in the entire area (Eq.(4.16)), and ( )f N  expresses the f - N curve. 
As reported in [42], a risk acceptance criteria can be defined on the f - N plane by a limiting line (e.g. 
black line in Figure 4.12), which separates the ranges of tolerable and intolerable risk. With reference 
to the limiting line in Figure 4.12, the risk is considered tolerable in the green range. The value of 
intolerable f is a function of the number of fatalities N. For example, the annual frequency f of exceeding 
N =1 fatality should be lower than f =10-2, whereas the frequency f of exceeding N =10 fatalities should 
be lower than f =10-3 and the frequency f of exceeding 100N   fatalities should be lower than f =10-4. 
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Figure 4.12: Example of limiting line on the f - N plane, with the indication of intolerable risk and tolerable risk 
ranges 
 









where b is the slope of the limit line and C the constant that determines the position of the limiting line. 
Different international standards propose limiting lines in the f - N plane as acceptance criteria for the 
case of hazardous installations (e.g. [39,139,153,154]). Table 4.2 gives the values of C and b for some 
international standards that define tolerable risk for major hazard establishment and surrounding areas. 




Table 4.2: Coefficients for the limiting lines on 
f - N plane according to international standards for 
the UK, Hong Kong, The Netherlands and 
Denmark [42] 
 
Country b C 
UK 1 10-2 




Denmark 2 10-2 
 
 
Figure 4.13: Limiting lines on f - N plane according to 
international standards for the UK, Hong Kong, The 
Netherlands and Denmark [42] 
 
 
The limiting line expressed by Eq.(4.18) identifies the acceptable (tolerated) risk. Therefore, by replacing 










   (4.19)
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where C and b are the coefficients of the limiting line, provided by international standards (e.g. 
Table 4.2), and Np,a is the equivalent annual population in the area. For example, if the equivalent annual 
population in the area is Np,a =100, and if the UK standard is considered (C =10-2, b =1 [139]), the 
tolerated potential loss of life results equal to pllt =0.052.  
 
4.4 The potential loss of life for a case study 
 
The methodology for the evaluation of the potential loss of life is demonstrated in the following for the 
case study presented in Section 3.4. The layout of the system consists of two tanks (TK1 and TK2), two 
storage warehouses (SW1 and SW2), and 33 residential buildings (RB1, RB2, etc.). It was assumed that 
the system is located in Priolo Gargallo, Sicily. 
 
The IRg at each target, which is needed in Eq.(4.2), has been calculated in Section 3.4. In this section, 
the population models presented above were used to calculate the pg at each target. Firstly, the area of 
interest was discretised, as shown in Figure 4.14. The targets in the yellow background are those 
occupied by buildings, i.e. the 33 residential buildings and the 2 storage warehouses, and the targets in 
the blue background are those occupied by the 2 tanks. All the remaining targets form the open area, 
which is further divided into four sub-areas, i.e. an agricultural sub-area, a sub-area around the tanks, a 
sub-area around the warehouses, and a passageway sub-area. 
 
 
    
Figure 4.14: Area of interest divided into sub-areas for the population models 
 
For the targets occupied by the 33 residential buildings and the two storage warehouses, the Eq.(4.6) 
was used to calculate the pg. For the case of the residential buildings, the maximum number of people 
at the target, 1BM , was assumed equal to 3, according to [145]. The models of 2BM  are those presented 
in Figure 4.2a and Figure 4.3a. For the case of the storage warehouses, the 1BM  is 1 per 100 m
2, as 
proposed in [144]. The models of 2BM  are those presented in Figure 4.2b and Figure 4.3b. For the 
targets occupied by the two tanks, the Eq.(4.8) was used to calculate the pg. It was assumed that 80 hours 
per year are dedicated to inspection or maintenance of tanks (i.e. 2,I eqM =0.01) and the 1IM  is equal 
to 1 [99]. For the targets in the open area, the population models presented in Section 4.2.3 were 










Sub-area around tanks 
Sub-area around warehouses 
Passageway sub-area 
Targets occupied by industrial units 
Targets occupied by buildings 
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Sub-area around tanks 
The sub-area around tanks is an area of the industrial facility where the employers could be present 
during the hours of working for regular maintenance works in the plant. The 1,sa totM  for this sub-area 
was provided in [99] and is equal to 1 for each tank. The model of 2saM  is presented in Figure 4.5. 
 
Passageway sub-area 
The passageway sub-area is the portion of the area where people are present when they go out from 
houses to reach other places. It is reasonable to assume that the passageway sub-area corresponds to the 
roads, as shown in Figure 4.14. The 1,sa totM  in this sub-area is the sum of all the inhabitants of the 
residential buildings. Because there are 33 residential buildings in the area, the 1,sa totM  is calculated as 
133 BM , where 1BM  is the maximum number of people in one residential building. The model of 2saM
is presented in Figure 4.8. 
 
Sub-area around warehouses 
The sub-area around warehouses is the portion of the area where the employers of warehouses could be 
present before and after work. This sub-area also includes one road (see Figure 4.14), because it is 
assumed that people have to go across that road to arrive at work. The 1,sa totM  in this sub-area is the 
total number of employers of the warehouses, i.e. the sum of 1BM  for the two warehouses. The model 
of 2saM  is the one presented in Figure 4.11. 
 
Agricultural sub-area 
In the sub-area in green in Figure 4.14, there are agricultural lands (see Figure 3.11a). For this case 
study, it is assumed that, on average, one worker is needed for each hectare of land. The agricultural 
sub-area amounts to 42 hectares. Therefore the 1,sa totM  is equal to 1 42 . The model of 2saM  is the 
same as that presented in Figure 4.5.  
 
By considering the population models presented above, the equivalent annual population pg was 
obtained at each target. The results are shown in Figure 4.15 and summarised in Table 4.3. 
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Table 4.3: The equivalent annual population for each type of target 
 
Type of targets 
gp  
Targets in agricultural sub-area 0.013 
Targets in sub-area around tanks 0.003 
Targets in sub-area around warehouses 0.35 
Targets in passageway sub-area 0.022 
Targets occupied by tanks 0.01 
Targets occupied by residential buildings 2.04 
Targets occupied by storage warehouses 2.05 
 
The equivalent annual population over the entire industrialised urban area, Np,a, was calculated through 
Eq.(4.16) and resulted in 157 people. From Figure 4.15, it can be observed that the highest pg is in the 
residential buildings and the storage warehouses, while a very low pg is in the agricultural sub-area and 
in the sub-area around the tanks. This is because it is not very likely to find people standing in the area 
around industrial installations and agricultural lands. On the other hand, it is very likely to find people 
in their houses or in places where they work (e.g. in the warehouses). The pg in the passageway sub-area 
is also quite low because people are expected to be on the roads only for a few hours per day. The pg 
around warehouses results higher than in other sub-areas because, for some hours per day, all the people 
who work in warehouses are concentrated in that small area. 
 
In order to calculate pll (Eq. (4.2)), the pg at each target (Figure 4.15) has to be multiplied by the IRg at 
each target (in Figure 3.15). Figure 4.16 shows the product pg ∙IRg calculated at each target. This product 
represents the annual number of fatalities at each target. The summation of the product pg ∙IRg for all the 
targets provides the pll (Eq. (4.2)), which results in 0.067.  
 
     
Figure 4.16: The annual number of fatalities at each target  
 
It is interesting to compare Figure 4.16 with the fatality map in Figure 3.15. The fatality map shows the 
individual risk at each target, which does not take into account the actual distribution of people in the 
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distribution of people is considered in Figure 4.16. It can be noticed that despite the IRg is higher in the 
surrounding of the tanks (Figure 3.15), the annual number of fatalities in the surrounding of the tanks is 
very low because the pg is small. On the other hand, the highest annual number of fatalities is in the 
storage warehouse closest to the tank, because the IRg is quite high and also the pg is high. It can be 
trivially concluded that the highest number of fatalities is expected where both the IRg and the pg are 
high.  
 
For the sake of comparison, the annual number of fatalities at each target was also calculated without 
consideration of domino effects. The pg at each target (Figure 4.15) was multiplied by the IRg at each 
target obtained without consideration of domino effects (in Figure 3.16). The product pg ∙IRg, i.e. the 
annual number of fatalities at each target, is shown in Figure 4.17. The summation of the product pg ∙IRg 
for all the targets provides the pll (Eq. (4.2)), which results equal to 0.032 when domino effects are not 
considered. As expected, the potential loss of life calculated without consideration of domino effects is 
much lower. Therefore, not considering the domino effects in industrialised urban areas may lead to a 
significant underestimation of the annual number of fatalities in the case of a seismic event.  
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5. THE DISAGGREGATION OF FATALITY RISK 
 
In Chapter 3, a methodology to estimate the fatality risk by means of individual risk IR in an 
industrialised urban area has been proposed. The expression for calculating the IR at the g-th target has 
been derived (see Eq. (3.15)). From Eq.(3.15), it can be realised that the fatality risk in an industrialised 
urban area is affected by the probability of fatality caused by each damage state of each unit. However, 
the contribution of each damage state and unit in the area to the fatality risk is in general different. For 
example, it is intuitive to understand that the collapse of a tank containing explosive material may 
contribute more to the fatality risk than the slight damage of a tank that contains water. Thus it is of 
interest to get an insight into the contribution of damage states and units to the fatality risk. This objective 
is addressed in this chapter.  
 
In the following, the fatality risk is disaggregated in a similar way which was proposed by Aslani [155] 
for the disaggregation of losses. The result of such disaggregation is presented as a bar diagram 
(Figure 5.1), where the height of each bar represents the contribution of the damage state (e.g. DS1, DS2, 
DS3, …, DSn) of the unit in the area (e.g. U1, U2, U3, …, Un) to the fatality risk.  
 
   
Figure 5.1: Example of disaggregation of fatality risk 
 
The disaggregation of fatality risk allows identifying the damage state and the unit that have the greatest 
or the lowest impact on the fatality risk (i.e. the highest or shortest bar of the block diagram). This 
information could be useful in the framework of a risk-targeted design procedure for the units of an 
industrial facility. Indeed, if the objective of the design procedure is to reduce the fatality risk, the most 
efficient strategy is to adjust those units which have the greatest impact on the fatality risk, and, perhaps, 
optimise the costs of units which have a negligible impact on the fatality risk.  
 
In this chapter, a methodology to calculate the contributions to the individual risk is first presented. Then 
the methodology is demonstrated by the application to a simple case study. Finally, it is shown that the 
same methodology can also be used for the disaggregation of the potential loss of life in an industrialised 
urban area, which was presented in Chapter 4.  
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5.1  The contributions of units and damage states to the fatality risk 
 
The individual risk IRg, which can be used to measure the fatality risk, is defined as the annual 
probability of fatality for an individual continuously standing at the g-th target of the area. In the 
calculation of IRg, it is considered that the individual may die due to the damage of any of the Un  units 
in the area. Thus, the IRg is calculated as the probability of the union of all fatality events caused by the 
damage states of each unit separately. On the contrary, the contribution of the d-th damage state of the 
i-th unit to IRg, _ ,g i d , can be interpreted as the annual probability of fatality caused only by the d-th 
damage state of the i-th unit. In the calculation of such a probability, it is taken into account that the d- th 
damage state of the i-th unit may also trigger a domino effect in the area, which may cause the damage 
of other units and, consequently, a fatality.  
 
This probability of fatality can be treated as a homogenous Poisson process, characterised by annual rate 
, ( , )F g d iDS U , which is the annual rate of fatality for the individual at the g-th target, caused by the d- th 
damage state of the i-th unit. Therefore, the annual probability of fatality caused by the d-th damage 
state of the i-th unit (i.e. the contribution _ ,g i d ) can be estimated as follows: 
 
, ( , )
_ , 1
F g d iDS U
g i d e
    (5.1)
 
Because the annual rate , ( , )F g d iDS U  is usually a low number, the contribution _ ,g i d  is practically 
equal to the rate , ( , )F g d iDS U : 
 
, ( , )
_ , ,1 ( , )
F g d iDS U
g i d F g d ie DS U
      (5.2)
 
In the framework of this research, earthquakes are the events which can trigger damage to the unit and, 
consequently, the fatality. Therefore, the annual rate , ( , )F g d iDS U  can be obtained by multiplying the 
rate of occurrence of earthquakes in a specific location, Eqs , by the probability of fatality due to the 
d- th damage state of the i-th unit, caused by earthquakes, P[Fg | D(Ui) = DSd , Eqs]: 
 
, ( , ) [ | ( ) , ]F g d i Eqs g i dDS U P F D U DS Eqs           (5.3)
 
By considering the total probability theorem, the P[Fg | D(Ui) = DSd , Eqs] is decomposed into the 
conditional probability of fatality for a given intensity level of an earthquake, 
P[Fg | D(Ui) = DSd , IM = im], and the probability of an earthquake of intensity level IM = im. The 
P[Fg | D(Ui) = DSd , Eqs] can then be obtained by summing (integrating) the product of these quantities 
over the entire range of intensity levels. Thus Eq.(5.3) can be transformed to: 
 
, ( , ) [ | ( ) , ] ( )F g d i Eqs g i d IM
im
DS U P F D U DS IM im f im dim     (5.4)
 
where ( )IMf im is the probability density function for the intensity measure. It can be shown [21,22] that 
the product Eqs ∙ ( )IMf im ∙dim is the derivative of the hazard curve IM , which expresses the mean 
annual frequency of exceeding a given intensity measure. Therefore, Eq.(5.4) can be rewritten as: 
  
, ( , ) [ | ( ) , ]F g d i g i d IM
im
DS U P F D U DS IM im d    (5.5)
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The conditional probability of fatality P[Fg | D(Ui) = DSd , IM = im] expresses the probability that an 
individual at the g-th target dies due to the d-th damage state of the i-th unit, which is caused by an 
earthquake with intensity level IM = im. The probability P[Fg | D(Ui) = DSd , IM = im] can be calculated 
by utilising the total probability theorem as follows: 
 
[( | ( ) , )] [ | ( ) ] [ ( ) | ]g i d g i d i dP F D U DS IM im P F D U DS P D U DS IM im        (5.6)
 
where P[D(Ui) = DSd  | IM = im] is the probability that the d-th discrete damage state of the i-th unit is 
observed for an earthquake with intensity IM = im, and can be derived from seismic fragility functions 
as in Eq.(3.11). P[Fg | D(Ui) = DSd] is the probability of fatality due to the d-th discrete damage state of 
the i-th unit (Eq.(3.16)). By substituting Eq.(5.6) into Eq.(5.5), and by then substituting the resulting 
equation into Eq.(5.2), the contribution of the d-th damage state of the i-th unit to IR can be expressed 
as follows: 
 
_ , [ | ( ) ] [ ( ) | ]g i d g i d i d IM
im
P F D U DS P D U DS IM im d        (5.7)
 
In Eq.(5.7), P[Fg | D(Ui) = DSd] is the probability of fatality due to the d-th discrete damage state of the 
i-th unit. The methodology to calculate this probability was shown in Chapter 3. In particular, it was 
shown in Section 3.1.3 that this probability could be calculated using the Monte Carlo method, by taking 
into account that an individual may die because of the direct impact of debris, or because of chemical 
consequences due to leakage of hazardous material, or because of a domino effect. The probability of 
fatality P[Fg | D(Ui) = DSd] is considered independent of the intensity measure level and can be extracted 
from the integral. Therefore, Eq.(5.7) can be rewritten as follows: 
 
_ , [ | ( ) ] [ ( ) | ]g i d g i d i d IM
im
P F D U DS P D U DS IM im d       (5.8)
 
The methodology for the disaggregation of fatality risk consists of calculating Eq.(5.8) for all the 
damage states and all the units in the industrialised urban area, in order to obtain all the contributions to 
IRg. For brevity of the notation, the term [ ( ) | ]i d IM
im
P D U DS IM im d    is indicated as ,DSd i  in 
the following: 
 
, [ ( ) | ]DSd i i d IM
im
P D U DS IM im d      (5.9)
 
The ,DSd i  thus expresses the integral of the product between the probability of occurrence of the d-th 
damage state of the i-th unit and the derivative of the hazard curve. Therefore, the Eq.(5.8) can be 
expressed as follows: 
 
_ , ,[ | ( ) ]g i d g i d DSd iP F D U DS      (5.10)
 
By substituting Eq.(3.11) into Eq.(5.9), the ,DSd i  can be obtained as follows: 
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[ ( ) | ]
[ ( ) | ]




P D U DS IM im d
P D U DS IM im d
 

   
   


           if 
,DS id n
DS DS  
 
, [ ( ) | ]DSd i i d IM
im
P D U DS IM im d                          if ,DS id nDS DS  
(5.11)
 
The term [ ( ) | ]i d IM
im
P D U DS IM im d    represents the rate of exceeding the d-th damage state of 
the i-th unit, ,DSd i , as shown in [21,75]. Therefore, the ,DSd i  can be obtained as follows: 
 
, , 1,DSd i DSd i DSd i                                                                   if ,DS id nDS DS  
 
, ,DSd i DSd i                                                                                if ,DS id nDS DS  
(5.12)
 
The contributions _ ,g i d  represent the annual probability of fatality caused by the damage states of each 
unit separately. On the contrary, the individual risk IRg is the annual probability of fatality caused by 
any unit in the area of interest. It should be noted that the sum of the contributions _ ,g i d  is not equal to 
the IRg. Indeed, as explained in Chapter 3, the IRg is obtained as the probability of the union of all fatality 
events caused by the damage states of each unit separately (see Eq.(3.5)). The probability of the union 
of events is not the sum of the probabilities of single events because the fatality events are not mutually 
exclusive. Therefore, the IRg is not the sum of the contributions _ ,g i d . However, this is not an issue 
because the disaggregation of fatality risk presented in this chapter is aimed at identifying the damage 
state and the unit that have the greatest or the lowest impact on the fatality risk in relative terms.  
 
5.2 The disaggregation of fatality risk for a case study 
 
The disaggregation of fatality risk consists of calculating _ ,g i d  for the DSn  damage states and Un  units. 
In this section, the methodology for the disaggregation of fatality risk is applied for the case study of the 
industrialised urban area in Figure3.11a. However, for the sake of simplicity of the demonstration, only 
three units are taken into account, i.e. the two tanks TK1 and TK2, and the residential building RB20 
(see Figure 5.2). The contributions to fatality risk given by the units TK1, TK2 and RB20 are calculated 
according to Eq.(5.10), as detailed below. The g-th target, considered for the calculations in this section, 
is highlighted in red in Figure 5.2. 
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Figure 5.2: The layout of the investigated system with an indication of the units and the grid of targets. The red 
square identifies the target for which the results are presented in this section. 
 
5.2.1 Contributions of tank TK1 to fatality risk 
 
For the case of the tank TK1, four damage states were considered (nDS = 4), as described in Table 3.4. 
The contributions given by each damage state of unit TK1 can be computed according to Eq.(5.10) as 
follows: 
 
_ 1, , 1[ | ( 1) ]g TK d g d DSd TKP F D TK DS      (5.13)
 
In order to apply Eq.(5.13), the following information are needed: 
 
- the probabilities that the d-th damage states of TK1 causes a fatality for an individual standing 
at the considered target (indicated in red in Figure 5.2), P[Fg | D(TK1) = DSd]; 
- the seismic fragility functions for the damage states of TK1, which are needed to calculate the 
probabilities P[D(TK1) = DSd | IM = im] and, consequently, the terms , 1DSd TK ; 
- the hazard curve IM , which is needed to calculate the terms , 1DSd TK . 
 
The probabilities P[D(TK1) = DSd | IM = im] were derived from seismic fragility functions as in Eq.(3.11). 
The parameters of seismic fragility functions for the four damage states of TK1 are in Table 3.6. The 
intensity measure is the PGA. Figure 5.3 shows the probabilities P[D(TK1) = DSd | IM = im] for the four 
damage states obtained according to Eq.(3.11) for all the levels of PGA. 
 
The functions in Figure 5.3 have to be integrated together with the derivative of the hazard curve to 
obtain the , 1DSd TK  for the four damage states. The hazard curve IM  was presented in Figure 3.14b for 
the location of Priolo Gargallo. The terms , 1DSd TK  are reported in Table 5.1 and shown in the histogram 
in Figure 5.4a. The height of each bar in Figure 5.4a represents the integral of the product between the 
probability of occurrence of each damage state of TK1 and the derivative of the hazard curve 
(i.e. , 1DSd TK  )  . From Figure 5.4a, it can be seen that the , 1DSd TK  for DS1 is much greater than for the 
other damage states. This is because the damage state DS1 is most likely to occur for low values of PGA, 
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Figure 5.3: Probability of occurrence of the four damage states of tank TK1 as a function of the PGA 
 
The probabilities P[Fg | D(TK1) = DSd] were calculated in Section 3.3 for each of the four damage states, 
using the MC method. The results are reported in Table 5.1 and presented in the histogram in 
Figure 5.4b. The height of each bar in Figure 5.4b represents the probability of fatality 
P[Fg | D(TK1) = DSd] caused by each damage state. In the case of the tank TK1, the probability of fatality 
P[Fg | D(TK1) = DSd] is only due to fatality case b (see Section 3.1.2). Indeed, the probability of 
fatality case a is equal to zero because the target (in red in Figure 5.2) does not occupy the same point 
on the grid as the unit TK1 (see Section 3.1). Moreover, because the tank TK1 contains a toxic gas, the 
only possible physical-chemical phenomenon which could be triggered as a consequence of a LOC is a 
toxic dispersion. The toxic dispersion does not trigger a domino effect, which means that the probability 
of fatality case c is also equal to zero. Therefore, in this case, only the fatality case b can be observed. 
 
Figure 5.4: (a) the integral of the product between the probability of occurrence of the four damage state of TK1 
and the derivative of the hazard curve (i.e.DSd,TK1); (b) the probability of fatality caused by the four damage 
states of TK1 
 
The contributions _ 1,g TK d  can be finally obtained for the four damage states as the product between 
, 1DSd TK  (Figure 5.4a, 1st column of Table 5.1) and P[Fg | D(TK1) = DSd] (Figure 5.4b, 2nd column of 
Table 5.1). The results are reported in Table 5.1 and presented in the histogram in Figure 5.5. It can be 
observed that, even if DS1 has the highest annual rate of occurrence, the contribution to the fatality risk 
is equal to zero because the probability of fatality caused by DS1 is also equal to zero. The most 
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significant contribution is given by the damage state DS4, which is characterised by the highest 
probability of fatality. 
 
 
Figure 5.5: Contributions to the fatality risk given by the four damage states of TK1 
 
Table 5.1: The integral of the product between the probability of occurrence of damage states and the derivative 
of the hazard curve (i.e. , 1DSd TK ), the probability of fatality, and the contributions to the fatality risk for the four 
damage states of TK1 
 
 
, 1DSd TK  P[Fg | D(TK1) = DSd] _ 1,g TK d  
DS1 31.0 10  0 0 
DS2 55.4 10  44.9 10  82.6 10  
DS3 67.2 10  31.3 10  99.6 10  
DS4 51.5 10  21.2 10  71.7 10  
 
5.2.2 Contributions of tank TK2 to fatality risk 
 
For the case of the tank TK2, four damage states were considered (nDS = 4), as described in Table 3.4. 
The contributions to fatality risk _ 2,g TK d  given by the four damage state of TK2 can be calculated 
according to Eq.(5.10). Therefore, the following information is needed: 
 
- the probabilities that the d-th damage states of TK2 cause a fatality for an individual standing 
at the considered target (indicated in red in Figure 5.2), P[Fg | D(TK2) = DSd]; 
- the seismic fragility functions for the damage states of TK2, which are needed to calculate the 
probabilities P[D(TK2) = DSd | IM = im] and, consequently, the terms , 2DSd TK ; 
- the hazard curve IM , which is needed to calculate the terms , 2DSd TK . 
 
The probabilities P[D(TK2) = DSd | IM = im] were derived from seismic fragility functions as in Eq.(3.11). 
As shown in Table 3.6, the parameters of seismic fragility functions for TK2 are the same as those for 
TK1. Therefore, the probabilities P[D(TK2) = DSd | IM = im] for the four damage states are the same as 
those shown in Figure 5.3. The functions in Figure 5.3 have to be integrated together with the derivative 
of the hazard curve IM  to obtain the , 2DSd TK  for the four damage states. The terms , 2DSd TK  are reported 
in Table 5.2 and shown in the histogram in Figure 5.6a. The height of each bar in Figure 5.6a  represents 
the integral of the product between the probability of occurrence of each damage state of TK2 and the 
derivative of the hazard curve (i.e. , 2DSd TK  ). As for the case of TK1, it can be seen that the , 2DSd TK  for 
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DS1 is much greater than for the other damage states because DS1 is most likely to occur for more 
frequent earthquakes. 
 
The probabilities P[Fg | D(TK2) = DSd] were calculated in Section 3.3 for each of the four damage states, 
using the MC method. The results are reported in Table 5.2 and presented in the histogram in 
Figure 5.6b. The height of each bar in Figure 5.6b represents the probability of fatality 
P[Fg | D(TK2) = DSd] caused by each damage state of TK2. In the case of TK2, the probability of 
fatality case a is equal to zero because the target does not occupy the same point on the grid as the 
unit TK2. Because the tank TK2 contains a flammable and volatile liquid, the possible physical-chemical 
phenomena which may be triggered by a LOC are pool fires and vapour cloud explosions. Both 
phenomena can cause fatality case b and also trigger domino effects (fatality case c). Therefore, in this 
case, both fatality case b and fatality case c can be observed. Because of domino effects, the probabilities 
of fatalities caused by the damage states of TK2 are much greater than in the case of TK1 (Figure 5.4b), 
even for lower damage states (e.g. DS1). 
 
Figure 5.6: (a) the integral of the product between the probability of occurrence of the four damage state of TK2 
and the derivative of the hazard curve (i.e.DSd,TK2); (b) the probability of fatality caused by the four damage 
states of TK2 
 
The contributions _ 2,g TK d  can be finally obtained for the four damage states as the product between 
, 2DSd TK  (Figure 5.6a, 1st column of Table 5.2) and P[Fg | D(TK2) = DSd] (Figure 5.6b, 2nd column of 
Table 5.2). The results are reported in Table 5.2 and presented in the histogram in Figure 5.7. It can be 
observed that the most significant contribution (i.e. the highest bar) is given by the damage state DS1. 
Such a result is way different from that obtained for TK1 (Figure 5.5). For the case of TK1, the damage 
state DS1 is the most likely to occur for frequent earthquakes (Figure 5.4a) but, on the other hand, the 
probability that DS1 of TK1 cause a fatality is equal to zero (Figure 5.4b). Therefore, the contribution 
of DS1 of TK1 to fatality risk is also equal to zero. On the contrary, in the case of TK2 (Figure 5.7), the 
damage state DS1 is again the most likely to occur for frequent earthquakes and, at the same time, it can 
cause a fatality with not negligible probability, because of domino effects. Therefore, because of the 
highest rate of occurrence of DS1 and the not negligible probability of fatality, the contribution of DS1 
of TK2 to fatality risk is more significant than the contributions given by the other damage states.  
 







Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 93 
Doctoral dissertation. Ljubljana, UL, Faculty of Civil and Geodetic Engineering, Built Environment. 
 
 
Figure 5.7: Contributions to the fatality risk given by the four damage state of TK2 
 
Table 5.2: The integral of the product between the probability of occurrence of damage states and the derivative 
of the hazard curve (i.e.DSd,TK2), the probability of fatality, and the contributions to the fatality risk for the four 
damage state of TK2 
 
 
, 2DSd TK  P[Fg | D(TK2) = DSd] _ 2,g TK d  
DS1 31.0 10  0.137 41.4 10  
DS2 55.4 10  0.194 51.0 10  
DS3 67.2 10  0.215 61.5 10  
DS4 51.5 10  0.234 63.4 10  
 
5.2.3 Contributions of residential building RB20 to fatality risk 
 
The contributions to fatality risk _ 20,g RB d  given by the four damage state of RB20 can be again 
calculated through Eq.(5.10). The probabilities of damage state P[D(RB20) = DSd | IM = im] can be 
derived from seismic fragility functions as in Eq.(3.11). The parameters of the seismic fragility functions 
based on PGA are presented in Table 3.6. Figure 5.8 shows the probabilities P[D(RB20) = DSd | IM = im] 
for the four damage states for all the levels of PGA. 
 
 
Figure 5.8: Probability of occurrence of the four damage states of the residential building RB20 as a function of 
the PGA 
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The integral of the product between the probability of occurrence of each damage state of RB20 and the 
derivative of the hazard curve (i.e. , 20DSd RB  )  are reported in Table 5.3 and shown in the histogram in 
Figure 5.9a. The probabilities P[Fg | D(RB20) = DSd], which were obtained using MC method in 
Chapter 3, are reported in Table 5.3 and presented in the histogram in Figure 5.9. In this case, the 
probability of fatality case a is not equal to zero because the unit RB20 and the target (in red in 
Figure 5.2) occupy the same point on the grid. However, the residential building does not store 
hazardous material, and thus cannot cause fatality as a consequence of a LOC and cannot trigger domino 
effects. Therefore, only fatality case a can be observed.  
 
Figure 5.9: (a) the integral of the product between the probability of occurrence of the four damage state of 
RB20 and the derivative of the hazard curve (i.e.DSd,RB20); (b) the probability of fatality caused by the four 
damage states of RB20 
 
Finally, the contributions _ 20,g RB d  can be obtained as the product between P[Fg | D(RB20) = DSd] 
(Figure 5.9b) and , 20DSd RB  (Figure 5.9a). The results are reported in Table 5.3 and presented in the 
histogram in Figure 5.10. It can be observed that, even if DS1 and DS2 are more likely to occur than the 
other damage state (i.e. higher , 20DSd RB ), the probability that they cause a fatality is equal to zero 
(Figure 5.9b). For this reason, the contributions of both DS1 and DS2 is equal to zero. The most 
significant contribution, instead, is given by the damage state DS3. 
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Table 5.3: The integral of the product between the probability of occurrence of damage states and the derivative 
of the hazard curve (i.e.DSd,RB20), the probability of fatality, and the contributions to the fatality risk for the four 
damage state of RB20 
 
 
, 20DSd RB  P[Fg | D(RB20) = DSd] _ 20,g RB d  
DS1 20.7 10  0 0 
DS2 20.4 10  0 0 
DS3 47.6 10  0.08 56.1 10  
DS4 41.6 10  0.30 54.7 10  
 
5.2.4 Bar diagram for the disaggregation of fatality risk 
 
The contributions to fatality risk given by the damage states of the three units were obtained according 
to Eq.(5.10) and shown in Figure 5.5, Figure 5.7, and Figure 5.10. These contributions are plotted 
together in the bar diagram in Figure 5.11. Such a bar diagram is a representation of the disaggregation 
of fatality risk, where the height of each bar represents the contribution to the fatality risk given by a 
damage state of a unit. 
 
  
Figure 5.11: The disaggregation of fatality risk for a case study 
 
In Figure 5.11, the highest bar corresponds to the damage state DS1 of tank TK2, which gives the most 
significant contribution to fatality risk for the considered target (in red in Figure 5.2). It is interesting to 
notice that the damage state DS1, which is defined as slight damage (Table 3.4), gives a contribution to 
fatality risk much greater than the other damage states. This happens because the damage state DS1 is 
most likely to occur for low values of PGA, i.e. for more frequent earthquakes. Therefore, term 1, 2DS TK  
in Eq.(5.10) is much greater for damage state DS1 than for the other damage states, as shown in 
Figure 5.6a. Moreover, it can be observed that the contributions given by TK1 are quite lower than the 
contributions given by TK2. This is because TK1 can cause fatality only as a result of a toxic dispersion 
(fatality case b), whereas TK2 can cause fatality also as a result of domino effects (fatality case c). The 
contributions to fatality risk given by RB20 are due only to the probability of fatality case a.  
 
It is worth reminding that the sum of the contributions _ ,g i d  in Figure 5.11 does not provide the IRg. 
Indeed, the IRg is obtained as the probability of the union of all fatality events caused by the damage 
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Nevertheless, the result in Figure 5.11 provides information about the greatest or the lowest impact of 
the units in relative terms.  
 
5.3 The disaggregation of the potential loss of life 
 
The potential loss of life pll (Chapter 4) can be disaggregated similarly, as presented in the previous 
sections. The disaggregation of pll consists of calculating the contributions to pll given by each damage 
state of the units in the industrialised urban area. The pll measures the expected number of fatalities per 
year over the area of interest. In general, fatalities may be caused by the damage of any of the units in 
the system. The contribution of the d-th damage state of the i-th unit to pll ( ,i d  in the following), can 
be interpreted as the number of fatalities per year caused by the d-th damage state for the i-th unit. In 
the calculation of this number of fatalities, it is taken into account that the d- th damage state of the i-th 
unit may also trigger a domino effect in the area, which may cause the damage of other units and, 
consequently, a fatality. 
 
As shown in the previous section, the _ ,g i d  (Eq.(5.8)) provides the annual probability of fatality at the 
g-th target, caused by the d-th damage state of the i-th unit. Therefore, the product between _ ,g i d  and 
the equivalent annual population at the g-th target, gp , provides the number of fatality per year at the 
g-th target, caused by the d-th damage state of the i-th unit. The contribution of the d-th damage state of 
the i-th unit to pll, ,i dK , accounts for the fatalities at all targets in the area. Thus ,i dK  is calculated as the 
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where Tn  is the number of targets in the area of interest, P[Fg | D(Ui) = DSd] is the probability of fatality 
caused by the d-th damage state of the i-th unit, P[D(Ui) = DSd | IM = im] is the probability of observing 
the d-th damage state and IMd  is the derivative of the hazard curve. From Eq.(5.15) it can be observed 
that the seismic fragility functions for the damage state and the hazard curve for the location are needed 
for the calculation of the contributions of the d-th damage state of the i-th unit to pll. Moreover, the 
probability of fatality caused by the damage states of the units has to be calculated at each of the Tn  
targets, which can be obtained through MC method (Chapter 3). 
 
The disaggregation of pll consists of calculating the ,i d  for all the damage states of the units in the 
industrialised urban area. Also for the case of the disaggregation of pll, the result can be presented as a 
bar diagram (e.g. Figure 5.1), where the height of each bar represents the contribution to pll given by 
each damage state of the units in the investigated area. Such a disaggregation allows identifying damage 
states and units that are the most significant contributors to the potential loss of life. This information 
will be used in the risk-targeted design procedure proposed in the following chapter. 
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6. RISK-TARGETED DESIGN PROCEDURE FOR THE UNITS OF INDUSTRIAL 
FACILITIES  
 
The primary objective of risk-based design criteria should be to protect people from injury and 
death [156]. However, even in the seismic codes, it is implicitly recognised that it would be excessively 
costly to design for absolute safety under all likely earthquake intensities [157]. In other words, a certain 
level of risk has to be accepted in design criteria. Therefore, criteria for seismic design should be 
developed based on a tolerated level of acceptable risk.  
 
In the case of the design of buildings, the decision model for the seismic performance assessment may 
be based on the tolerated risk of fatality (e.g. in [31,157]), and can be generally stated as follows: 
 
F Ft   (6.1)
 
where F  is the annual rate of fatality due to the seismic damage of the building, and Ft  is the tolerated 
risk of fatality. The F  in [31,157] is referred to the fatality of the occupants of the designed building, 
and the fatality is a direct consequence of the seismic damage (i.e. fatality case a in Section 3.1.2). The 
same risk-targeted decision model of Eq.(6.1) can be followed for the design of the units of an industrial 
facility (e.g. Figure 3.11a). However, in this case, it makes sense to refer F  to the fatality of people in 
the entire area under consideration. The extension of fatality risk calculation to an entire area is the 
consequence of the seismic performance of industrial facilities in the case of major natural events such 
as earthquakes. Namely, a hazardous material could be released in industrial facilities during a major 
earthquake, which can result in catastrophes for all the people in the area. Therefore, the earthquake 
fatality risk in industrialised urban areas should be estimated with consideration of multi-hazard domino 
effects, following the methodology presented in Chapter 3. 
 
According to Eq.(6.1), the fatality risk in the area of interest, with consideration of multi-hazard domino 
effects, has to be lower than a tolerated fatality risk, i.e. the fatality risk which is considered as 
acceptable. In the methodology presented in Chapter 3, the fatality risk is defined by the individual risk, 
which is the annual probability of fatality for an individual who is continuously standing for one year at 
a point of the area of interest. However, as outlined in Chapter 4, the individual risk does not directly 
provide information on the expected number of fatalities. For this reason, it is better to refer to the 
expected number of fatalities per year over the area of interest, i.e. the potential loss of life (pll) [42]. In 
the case of the design of the industrial units in an industrialised urban area, the risk-targeted design 
criterion of Eq.(6.1) can thus be expressed in the form of Eq.(6.2): 
 
tpll pll  (6.2) 
 
where pll is the potential loss of life for the investigated industrialised urban area, and pllt is the tolerated 
potential loss of life, i.e. the number of fatalities per year over the area of interest which is considered 
acceptable.  
 
In this chapter, an attempt has been made to present a simplified procedure for the risk-targeted design 
of industrial units, with consideration of the performance requirements of the industrialised urban area. 
This method starts with the selection of initial seismic fragility functions for the units of the system. The 
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potential loss of life pll for the area of interest is then calculated as explained in Chapter 4, and the 
system performance is verified against the tolerated pllt. If the pll results higher than the pllt, the seismic 
fragility functions for the units of the system need to be adjusted. In the following step, the 
disaggregation of fatality risk, as presented in Chapter 5, allows identifying the unit of the system that 
gives the most significant contribution to the pll. The seismic fragility functions for this unit are then 
adjusted, and the pll is re-evaluated. The procedure is iterated until the pll results lower than the pllt.  
 
The optimal solution can be obtained by optimisation algorithms (e.g. [156–158]) aimed to fulfil the 
performance requirement of Eq.(6.1) and minimise the construction or, more generally, live cycle costs. 
However, such methods are not very practical and may become extremely complex in the case of 
industrialised urban areas, because it is extremely difficult to set up all penalty functions in the case of 
complex industrial plants. The methodology proposed in this chapter, instead, is much easier to be 
implemented. It allows the engineers to handle the calculation, and the costs of the design solution can 
still be controlled in the aftermath. Based on the results of the disaggregation, the engineers have to 
judge which solution is the most optimal to reduce the pll in each step of the iterative procedure. 
 
The methodology presented in the following section is based on the iterative adjustment of the seismic 
fragility functions, in order to reduce the pll in the entire area of interest. However, the adjustment of 
the seismic fragility functions is not the only strategy that may be followed. One different possible 
strategy may be to relocate far from the residential buildings the units that give the most significant 
contribution to the pll. This solution may be optimal in the case of the design of a new plant, i.e. when 
the layout of the system is not decided yet. However, it may be not applicable because of the limited 
available space in the area. In the case of the retrofit of an existing plant, it could be more convenient to 
make structural adjustments of the units, rather than relocate the units in a different position. If the 
relocation of the units is not possible, another different possible strategy could be to place safety barriers, 
which could reduce the intensity of the physical-chemical phenomena triggered by a LOC event, thus 
reducing the probability of fatality due to domino effects. However, the methodology presented in this 
chapter can still be applied if different strategies are followed, as briefly discussed in Section 6.4. 
 
6.1 The workflow for the derivation of the target fragility functions 
The risk-targeted design methodology presented in this chapter is meant to design the industrial units in 
an industrialised urban area. The purpose of the design is that the pll in the investigated area results 
lower than a value which can be considered acceptable. The pll can be calculated as shown in Eq.(4.3), 
from which it is evident that the pll depends on the seismic fragility functions of the units, 
P[D(Ui) = DSd | IM = im]. The outcome of the methodology consists of the so-called target fragility 
functions, which are the seismic fragility functions for the DSn  damage states of the units such that the 
pll calculated through Eq.(4.3) fulfils the criterion expressed in Eq.(6.2). It is assumed that seismic 
fragility functions are described by a lognormal distribution, characterised by the median seismic 
intensity causing a designated damage state, DS , and the corresponding logarithmic standard deviation, 
DS . In order to simplify the design methodology, it is assumed that only the DS  are unknown, whereas 
the DS  are prescribed in advance for a family of units, based on parametric studies from the literature 
(e.g. [76,77]).  
 
The workflow of processes which result in the target fragility functions for the units is presented in 
Figure 6.1. The core of the procedure is an iterative process: at each iteration, the pll is calculated 
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according to Eq.(4.3) and compared with the tolerated (acceptable) potential loss of life pllt. The pllt is 
an input of the procedure and has to be defined by stakeholders, as discussed in Section 4.3. Moreover, 
to calculate the pll, other input data are needed. The input data are the results of different processes, 
which are highlighted by coloured frames in Figure 6.1 and described in the following.  
 
The first process is the Damage-based fatality analysis. The outcome is the probability of fatality 
P[Fg | D(Ui) = DSd], due to each damage state of each unit in the area of interest, calculated for all Tn  
targets. This process is the same as that presented in Section 3.1. It begins with the discretisation of the 
area of interest in a grid of Tn  targets. The Un  units in the area are identified, and a discrete set of 
damage states and LOC states is defined for each unit. Input data for this process are also the models to 
calculate the probability of fatality, which are the models addressed in Section 3.2. As shown in 
Section 3.1.3, the probability of fatality P[Fg | D(Ui) = DSd] is computed by using the Monte Carlo (MC) 
method. Each MC set consists of NS simulations and provides the probability of fatality at a given target, 
caused by a specific d-th damage state for the i-th unit. Therefore, in order to obtain the probability of 
fatality at all targets due to each damage states of each unit, Un × DSn × Tn  sets of MC simulations have 
to be performed.  
 
The second process is the Population analysis. The outcome is the equivalent annual population pg at 
each target. This process has been presented in Section 4.2. It begins with the identification of different 
types of targets in the grid, i.e. targets occupied by buildings, targets occupied by industrial units and 
targets in the open area. The open area is divided into several sub-areas, which are characterised by a 
spatially homogeneous density. Population models for buildings, industrial units, and sub-areas in the 
open area are needed as input, as presented in Chapter 4. The Eq.(4.4) is then used to calculate pg at each 
target. 
 
The third process is the Seismic hazard analysis. The outcome is the seismic hazard curve for the 
location of interest, IM . The seismic hazard analysis is out of the scope of this thesis, but several 
contributions may be found in the literature (e.g. [17,85,159]). In the framework of this work, the seismic 
hazard curve was obtained using the software Reassess [138] (see Figure 3.14b).  
 
The three above mentioned processes provide P[Fg | D(Ui) = DSd], pg and IM , respectively, which are 
input data needed to calculate pll according to Eq.(4.3). The missing data to compute Eq.(4.3) is the 
probability of damage state P[D(Ui) = DSd | IM = im], for each damage state of each unit in the 
investigated area. The probabilities of damage states are derived from seismic fragility functions (as in 
Eq.(3.11)). However, in the design process, the seismic fragility functions for the units are not known 
yet. For this reason, a set of initial seismic fragility functions has to be assumed for all damage states of 
all units. Initial seismic fragility functions may be taken from the literature (e.g. [111]), or chosen based 
on engineering judgment. Once the required data are defined, the process Iterative fatality-based 
adjustment of seismic fragility function can be implemented. It consists of an iterative process, which is 
the core of the design procedure. With consideration of the initial fragility functions and all other input 
data, the pll is calculated according to Eq.(4.3) and compared to the pllt.  
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The tolerated potential loss of life, pllt, is the outcome of the process Acceptance criterion definition. 
This process requires the definition of an acceptance criterion for the fatality risk. As reported in [42], 
and shown in Section 4.3, a risk acceptance criterion can be defined by a f - N limiting line (e.g. black 
line in Figure 4.12). The limiting line separates the ranges of tolerable and intolerable risk in the f - N 
plane, which displays the frequency f of exceeding a certain number of fatalities N per year, as a function 
of the number of fatalities, N, on a logarithmic scale. Different international standards propose limiting 
lines in the f - N plane as acceptance criteria for the case of hazardous installations (e.g. 
[39,139,153,154]), as shown in Table 4.2 and Figure 4.13. In Section 4.3, it was shown how to derive 
the pllt using this risk acceptance criterion, based on f - N limiting line (Eq.(4.19)). However, the 
proposed design procedure is not limited to f - N limiting line, because the tolerated potential loss of life 
can also be defined by some other approaches.  
 
When the pll is compared to the pllt, three possible results can come out: 
- pll is slightly lower than pllt. In this case, the solution can be considered acceptable. This 
means that the seismic fragility functions considered in this iteration are the target fragility 
functions, such to balance the expected number of fatalities in the area of interest (Eq.(6.2)). 
- pll is significantly lower than pllt. In this case, the solution is not optimal because the result is 
too conservative. Therefore, it is suggested to repeat this iteration choosing smaller median 
values for the seismic fragility functions, i.e. shifting the seismic fragility functions to the left. 
- pll is greater than pllt. In this case, the target seismic fragility functions cannot be considered 
acceptable, because the potential loss of life for the considered area is still greater than the 
acceptable potential loss of life. Therefore, the seismic fragility functions have to be adjusted 
by shifting to the right, as explained in the following section. 
 
If the pll results greater than the tolerated potential loss of life, the initial seismic fragility functions are 
not adequate to fulfil the criterion expressed in Eq.(6.2), and they need to be adjusted. In the phase of 
adjustment of seismic fragility functions, a proper strategy needs to be defined. In the definition of the 
best strategy, it has to be realised that the different units may give a different contribution to the fatality 
risk. The best strategy is to adjust the seismic fragility functions of the unit that gives the most significant 
contribution to the risk. This information can be deduced from the disaggregation of pll, as presented in 
Chapter 5. Once the seismic fragility functions are adjusted, as detailed in the following section, the pll 
is re-evaluated and compared with pllt. The iterative procedure stops when the pll results slightly lower 
than pllt.  
 
It should be noted that the process Damage-based fatality analysis has the highest computational time 
because it involves Un × DSn × Tn  implementations of the MC method. However, this process does not 
require the seismic fragility functions as an input. Therefore, the process Damage-based fatality analysis 
has to be performed only once, and the MC method does not need to be implemented at each new 
iteration of the design procedure. In other methods presented in the literature (e.g. [50]), the models to 
simulate the seismic damage of the units are included in the MC simulations. In those cases, the MC 
method should be implemented again at each adjustment of the fragility functions. The methodology 
presented in this work, instead, decomposes the phenomenon of multi-hazard domino induced by 
earthquakes into several subproblems that are analysed separately. In such a way, the computational 
effort required for the design procedure is drastically minimised.  
 
The outcome of the design procedure consists of the target fragility functions. These are the seismic 
fragility functions such to balance the expected number of fatalities in the entire area of interest 
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(Eq.(6.2)), taking into account the multi-hazard domino effects triggered by the seismic damage of these 
units. However, some insight into the process of Iterative fatality-based adjustment of seismic fragility 
functions is needed, as detailed in the following section. 
 
6.2 The iterative fatality-based adjustment of seismic fragility functions 
The core of the risk-targeted design methodology is the process Iterative fatality-based adjustment of 
seismic fragility functions, which is detailed in this section. As shown in Figure 6.1, this process begins 
with the definition of a set of initial seismic fragility functions for all damage states of all units. It is 
usually assumed that the seismic fragility functions are defined by lognormal distributions, each of 
which is characterised by median DS  and dispersion DS . The parameters for the initial seismic 
fragility functions may be taken from the literature (e.g. [111]), or chosen based on engineering 
judgment. Some examples of median and dispersion of seismic fragility functions are presented in 
Table 3.6 for the cases of tanks, residential buildings and storage warehouses. With consideration of the 
initial seismic fragility functions and all other input data, the pll is calculated according to Eq.(4.3) and 
compared to the pllt. If the pll results higher than the tolerated potential loss of life, the fragility functions 
need to be adjusted, in order to reduce the pll.  
 
The strategy for the pll reduction is based on the disaggregation of the pll. Figure 6.2 shows an example 
of the result of the disaggregation, i.e. the bar diagram where the height of each bar represents the 
contribution to the pll given by each damage state (DS1, DS2, DS3, …, DSn) of each unit of the system 
(U1, U2, U3, …, Un). 
 
  
Figure 6.2: Example of disaggregation of the potential loss of life for the area of interest, with the indication of 
the damage state and the unit that gives the most significant contribution 
 
For the example presented in Figure 6.2, the highest bar (i.e. most significant contribution) can be 
observed for the damage state DSn of the unit Un, as pointed out by the arrow in the figure. On the other 
hand, the contribution to pll given by other units, e.g. U1, may be negligible. Therefore, the adjustment 
of seismic fragility functions for the unit U1 would not lead to a significant reduction of pll. This means 
that the best strategy to reduce the pll is to adjust the seismic fragility function for the damage state DSn 
of the unit Un. The information provided by the disaggregation is thus essential. Note that, in the 
following, the damage state and the unit that give the most significant contribution will be named critical 
damage state and critical unit, respectively.  
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Once the critical damage state and critical unit have been identified, the correspondent seismic fragility 
function needs to be adjusted. In this context, adjusting a fragility function means shifting it to the right. 
This is shown in Figure 6.3, where there is an example of an initial seismic fragility function and an 
adjusted (i.e. shifted to the right) seismic fragility function. In particular, it is shown that for a given 
level of intensity measure, im, the probability of exceedance for the adjusted seismic fragility function 
is lower than for the initial one. When the probability of exceedance is lower, also the pll results lower 
(Eq.(4.3)). This is the reason why the adjusted fragility function is shifted to the right of the initial 
seismic fragility function.  
 
 
Figure 6.3: Example of initial seismic fragility function and adjusted seismic fragility function, with the 
indication of the probability of exceedance for a given level of intensity measure im 
 
6.2.1 The relationship between seismic fragility functions 
 
In the previous section, it was shown that a seismic fragility function is adjusted by shifting it to the 
right. However, if the seismic fragility function for one damage state of a unit is adjusted, also the 
fragility functions for the other damage states of the unit should be modified. In order to clarify this 
concept, an example of fragility functions for four damage states of an industrial unit (e.g. a tank) is 
considered (see black curves in Figure 6.4a). In the figure, the fragility function for the damage state 
DS4 is adjusted, i.e. it is shifted to the right (red curve in Figure 6.4a). In practice, shifting the fragility 
function of a unit to the right means that certain structural components or/and details have to be improved 
(e.g. the thickness of the tank shell has to be increased). The improvement of these structural components 
or/and details, however, will affect the entire behaviour of the unit. Then, it is reasonable to assume that 
also the seismic fragility functions for the other damage states will be shifted to the right (Figure 6.4b).  
 
Parametric studies are needed to understand better the relative relationship between seismic fragility 
functions related to different damage states, as well as the dependence of this relationship on the median 
IM causing the most severe damage state. In a simplified case, sensitivity analyses may be performed 
to investigate the relationship between seismic fragility functions for different damage states. For 
example, in the case of a tank, a non-linear model for the tank could be developed. Then, seismic fragility 
functions could be precisely derived through non-linear dynamic analyses (e.g. as in [137]). The 
so - obtained fragility functions may be named as actual fragility functions, because they are properly 
evaluated for a model of a tank with given characteristics, rather than simply assumed based on 
engineering judgment, as in the case of the initial fragility functions. Afterwards, a structural detail of 
the tank could be modified (e.g. the thickness of the shell is increased) and the seismic fragility functions 
could be again derived through non-linear dynamic analyses. In such a way, the relationship between 
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fragility functions, before and after increasing the shell thickness, can be quantified. A similar analysis 
should be performed by modifying, time after time, different structural details of the tank. However, 
such an investigation is out of the scope of this thesis and might be a possibility for further research in 
the future.  
 
Without such rigorous analysis, the relationship between the fragility curves for the different damage 
states can only be estimated based on engineering judgement, supported by seismic fragility functions 
for the families of units taken from databases or literature. For the sake of this study, it is assumed that 
the ratios between the median values of the seismic fragility functions for different damage states are 
constant. This assumption implies that if the median value of the seismic fragility function for the DS4, 
4DS , is increased up to 4DSc   (Figure 6.4a),  then also the median values for the other damage states, 
1DS , 2DS , 3DS , will be increased of the same quantity c (Figure 6.4b). Moreover, it is assumed that 
the values of dispersion DS  do not change when the fragility functions are adjusted. However, also 
different relationship may be assumed.  
 
(a) (b) 
Figure 6.4: Example of seismic fragility functions for four damage states of a unit: (a) the shift to the right of the 
fragility function for damage state DS4; (b) consequential shift to the right of all the fragility functions 
 
6.2.2 Target fragility functions and actual fragility functions 
 
In the previous sections, it has been shown that seismic fragility functions have to be adjusted in order 
to reduce the pll. In the framework of this work, the seismic fragility functions for the critical unit are 
adjusted by increasing the DS  by a constant c (Figure 6.4b). However, at this stage of the design 
procedure, there are still no clues on which value of c to choose. It is therefore suggested to make a trial, 
e.g. increasing the mean values of the fragility functions for the critical unit of the 20%. With 
consideration of the adjusted fragility functions, the second iteration of the design procedure can start, 
and the potential loss of life pll2 is calculated according to Eq.(4.3). Three possible results can again 
come out: 
- pll2 is slightly lower than pllt. In this case, the solution can be considered acceptable, which 
means that the fragility functions considered in this iteration are the target fragility functions; 
- pll2 is much lower than pllt. In this case, the solution is not optimal because the result is too 
conservative. This means that the 20% increase in the mean value of the fragility functions was 
excessive. Therefore, it is suggested to repeat this iteration choosing a smaller c. 
- pll2 is greater than pllt. In this case, the target fragility functions are not found yet.  
 
In the latest case, a new iteration is needed. Firstly, the disaggregation of the pll2 is performed. It is 
important to perform the disaggregation of the potential loss of life again because, in this new iteration, 
Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 105 
Doctoral dissertation. Ljubljana, UL, Faculty of Civil and Geodetic Engineering, Built Environment. 
 
the critical unit may be different from the previous iteration. Once the new critical unit has been 
identified, the correspondent fragility functions are adjusted as explained above. The potential loss of 
life pll3 is calculated again, according to Eq.(4.3). The iterative procedure is then repeated until the 
obtained pll is just slightly lower than pllt. The target fragility functions are thus found.  
 
In order to fulfil the performance objective (Eq.(6.2)), the engineers have to design the units in such a 
way that the actual fragility functions for the damage states will be slightly on the right-hand side of the 
target fragility functions. In Figure 6.5, an example of target fragility functions for two damage states is 
shown (black curves in Figure 6.5). In the same figure, an example of actual fragility functions is also 
shown. It should be reminded that the actual fragility functions are the seismic fragility functions 
obtained through non-linear dynamic analyses of a reliable model for the unit. If the actual fragility 
functions are slightly on the right-hand side of the target fragility functions (as in Figure 6.5), the unit is 
slightly over-designed in term of the tolerated potential loss of life in the area of interest. In the opposite 
case, when the actual fragility functions are on the left-hand side of the target fragility functions, the 
unit is under-designed because it does not guarantee an acceptable risk for the overall area. 
 
 
Figure 6.5: Example of target fragility functions and actual fragility functions for two damage states 
 
The methodology presented in this chapter provides the target fragility functions for the units. However, 
the structural design of the units based on target fragility functions is out of the scope of this thesis. The 
most general procedure for such a structural design should be as follows. Firstly, the engineers design 
the unit based on the existing codes (e.g. [12]). Then, they develop a non-linear model for the designed 
unit, perform non-linear analyses, and derive actual fragility functions. The actual fragility functions 
should be then compared with the target fragility functions. If the actual fragility functions result at the 
left-hand side of the target fragility functions, some structural details of the unit should be modified. 
This operation should be repeated iteratively, by modifying structural details of the unit until the actual 
fragility functions are at the right-hand side of the target fragility functions.  
 
Such a procedure would be extremely time-consuming because it requires to perform a high number of 
non-linear dynamic analysis for each different structural configuration. However, simplified methods 
for the structural design based on the target fragility functions exist in the literature. For example, Dolsek 
and Brozovic [69] presented a method (the 3R method) for making the risk-based decision based on the 
seismic assessment of the structure for just a few ground motions. Alternatively, Zizmond and 
Dolsek [30] presented a methodology for the risk-targeted force-based seismic design of structures. In 
their method, they propose a formulation for the reduction factor of the seismic action based on the 
target fragility function for the structure.  
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It should be underlined that the actual fragility functions for the damage states could not have the same 
relationship that was assumed for the application of the design procedure. However, the assumption of 
a relationship between fragility functions does not affect the scope of the methodology. Indeed, the 
target fragility functions have to be intended only as limiting functions. In other words, the actual 
fragility functions for the damage states can be in any relationship, as long as they are all at the 
right - hand side of the target fragility functions, as in Figure 6.5.  
 
6.3 Application of the risk-targeted design procedure to a case study 
 
The proposed design procedure is demonstrated in the following to derive target fragility functions for 
the industrial units (i.e. the two tanks) in the typical industrialised urban area in Figure 3.11a. The layout 
of the system consists of two tanks (TK1 and TK2), two storage warehouses (SW1 and SW2), and 33 
residential buildings (RB1, RB2, etc.). It was assumed that the system is located in Priolo Gargallo, 
Sicily, which is a highly seismic event-prone area in the south of Italy where many industrial facilities 
can be found. The procedure was applied by following the processes of the flowchart in Figure 6.1, as 
detailed in the following. The outcome of the design procedure consists of target fragility functions for 
the units TK1 and TK2.  
 
6.3.1 Damage-based fatality analysis 
 
The area of interest was firstly discretised into a grid of targets (as presented in Figure 3.11b). The 
damage states defined for the units, as well as the LOC states and the models to calculate the probability 
of fatality, are the same as presented in Section 3.3.  
 
The MC method was implemented U DS Tn n n   times in order to obtain the probabilities of fatality 
P[Fg | D(Ui) = DSd] at all targets, caused by each damage state of each unit. Details on the computation 
are in Section 3.3, but some results are presented in the following. Figure 6.6a shows the probability of 
fatality caused by the damage state DS4 for the unit TK1, P[Fg | D(TK1) = DS4], at each target of the grid. 
The values of the probabilities are indicated by different colours, as in the colour bar in figure. It can be 
observed that, in the close surrounding of the tank TK1, the probability of fatality in case of damage 
state DS4 is almost 1, and it decreases for greater distances. Figure 6.6b shows the probability of fatality 
at each target caused by damage state DS1 for the unit TK2, P[Fg | D(TK2) = DS4]. By comparison of 
Figure 6.6a and Figure 6.6b, two important considerations can be drawn. Firstly, the probability of 
fatality due to DS1 of TK2 is much greater than that due to DS4 of TK1. This is because of the different 
physical-chemical phenomena triggered by the two tanks. The tank TK2 contains flammable material, 
and even small damage of the tank (i.e. DS1) can cause pool fires and explosions involving a large area. 
On the other hand, the tank TK1 contains toxic material, which causes toxic dispersion over a smaller 
area (according to the models considered in Section 3.3). Secondly, it can be observed that DS1 of TK2 
(Figure 6.6b) also causes a high probability of fatality in the surrounding of the unit TK1 (intense red 
concentric circles around TK1 in Figure 6.6b). This is due to the domino effects induced by the seismic 
damage of the unit TK2. Indeed, according to the models considered in Section 3.3, even small damage 
of the tank TK2 (i.e. DS1) can trigger an explosion and cause structural damage of tank TK1. Note that 
only these two cases are shown in Figure 6.6 for the sake of brevity, but the same results were obtained 
for all the damage states and all the units. 
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Figure 6.6: Probability of fatality at each target of the grid due to: (a) damage state DS4 of the unit TK1; 
(b) damage state DS1 of the unit TK2 
 
6.3.2 Population analysis 
 
The process Population analysis for this case study is the same as already presented in Section 4.4. In 
particular, different types of targets in the grid were identified (Figure 4.14), and the population models 
described in Section 4.2 were considered. The equivalent annual population at each target, pg, was shown 
in Figure 4.15. It was observed that the greatest number of people is expected at residential buildings 
and storage warehouses. In contrast, the lowest number of people is expected in the sub-area around 
tanks. As shown in Section 4.4, the equivalent annual population over the entire industrialised urban 
area, Np,a, is equal to 157 people. 
 
6.3.3 Seismic hazard analysis 
 
As mentioned in Section 6.1, the process of seismic hazard analysis is out of the scope of this thesis. For 
this case study, the software REASSES [138] was used to obtain the seismic hazard curve for Priolo 
Gargallo. The considered intensity measure for the seismic hazard curve, which is shown in 
Figure 3.14b, is the PGA.  
 
6.3.4 Acceptance criterion definition 
 
The risk acceptance criterion was defined as in Section 4.3 by a limiting line on the f - N plane. The 
limiting line is described by Eq.(4.18). The coefficients C and b in Eq.(4.18) were taken from [139] 
(i.e. C =10-2, b =1). The equivalent annual population in the area Np,a is 157 (Section 6.3.2). The pllt was 












   (6.3) 
 
The pllt expressed by Eq.(6.3) represents the area under the f - N limiting line, up to Np,a =157 people, as 
shown in Figure 6.7. 
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Figure 6.7: Limiting line on the f - N plane, with the indication of the area representing pllt 
 
6.3.5 Iterative fatality-based adjustment of seismic fragility functions 
 
The iterative fatality-based adjustment of seismic fragility functions starts with the definition of a set of 
initial seismic fragility functions for all damage states of all units. It should be underlined that, for this 
application, the design procedure is used only to design the two tanks. Therefore, the fragility functions 
for storage warehouses and residential buildings will not be adjusted. The decision not to adjust fragility 
functions for warehouses and residential building is because it was assumed that the major contributors 
to the potential loss of life are the two tanks. However, in the general cases, a residential building may 
be a major contributor to the fatality risk in the industrialised urban area, because of possible fatalities 
due to fatality case a (see Chapter 3). In such a case, i.e. if the risk is mainly due to residential building, 
it would not be a responsibility of the owner of the plant to build safer tanks to reduce the fatality risk.  
 
6.3.5.1 Initial fragility functions 
 
The same fragility functions of Section 3.3 were considered for the storage warehouses and the 
residential buildings, The parameters of the seismic fragility functions, i.e. the median seismic intensity 
causing a designated damage state, DS , and the corresponding logarithmic standard deviation, DS , 
are presented in Table 3.6. All fragility functions were defined for peak ground acceleration (PGA). 
Figure 6.8 shows the probabilities of occurrence of the four damage states, P[D(Ui) = DSd | IM = im], for 
the case of storage warehouses (Figure 6.8a) and residential buildings (Figure 6.8b), obtained according 
to Eq.(3.11) for all the levels of PGA. 
 
Regarding the two tanks, the fragility functions are not known yet in the design phase. Therefore, initial 
fragility functions should be assumed for all the damage states of TK1 and TK2 in the first iteration of 
the design procedure. For simplicity, it is assumed that only the DS  are unknown, whereas the DS  are 
prescribed in advance for a family of units, based on parametric studies from the literature (e.g. [76,77]). 
The values of DS  are therefore assumed based on engineering judgement.  A good strategy could be to 
design the units according to the codes (e.g. [12]) and to estimate the fragility functions for the obtained 
structural configuration. Such fragility functions could thus be used as initial fragility functions. 
However, the design of the unis according to the codes is out of the scope of this thesis. Therefore, it 
was arbitrarily assumed a median PGA of the initial fragility function for DS4 equal to 4DS  = 1 g. 
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 (a)  (b) 
Figure 6.8: Probability of occurrence of the four damage states as a function of the PGA: (a) for the storage 
warehouses; (b) for the residential buildings 
 
Still, the relationship between the fragility functions for the different damage states should be assumed. 
For this case study, it was assumed that the relationship between the fragility functions of the four 
damage states is the same as in [134]. In [134], the parameters DS  and DS  of seismic fragility 
functions are provided, as presented in Section 3.3 and reported in Table 6.1. In the last column of 
Table 6.1, it is reported the ratio between DS  and 4DS  (i.e. the median PGA causing the damage 
state DS4) for the four damage states. It was assumed that the ratio 4/DS DS   is constant regardless of 
DS . Therefore, the relationship between the initial fragility functions for tanks is that presented in the 
last column of Table 6.1.  
 
Table 6.1: Parameters of the seismic fragility functions for tanks TK1 and TK2 from [134] and the relationship 




DS  [g] DS  4/DS DS   
DS1 0.71 0.80 0.17 
DS2 2.36 0.80 0.55 
DS3 3.72 0.80 0.87 
DS4 4.26 0.80 1.00 
 
With consideration of the relationship between fragility functions presented in Table 6.1, and assuming 
the same values of dispersion DS  of Table 6.1, the parameters for the initial fragility functions of tanks 
TK1 and TK2 are presented in Table 6.2. It should be noted that the values of dispersion DS  should 
account for the aleatory uncertainty due to the random nature of the ground motions. As discussed 
in [84], the DS  should vary for the different damage states, i.e. the lowest values of DS  are expected 
for slight damage states, and the highest values of DS  are expected for heavy damage states. However, 
the DS  in Table 6.1 are equal for the four damage states, because they were derived in [134] from 
statistical analysis based on an empirical database of damages of tanks observed in the past. Therefore, 
the dispersions DS  in [134] are not only due to the random nature of the ground motions but account 
for several other sources of uncertainties due to the empirical observation. For this reason, the DS  
from [134] are not appropriate for the fragility functions in the design procedure presented in this 
chapter. Parametric non-linear analyses of tanks models would be needed to better define the values of 
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dispersion DS . However, such analyses are out of the scope of this thesis. Therefore, because of the 
lack of data, the values of DS  from [134] are used anyway in the following. In future research, the 
methodology presented in this chapter can still be applied using more accurate values of DS . 
 





DS  [g] DS 
DS1 0.17 0.80 
DS2 0.55 0.80 
DS3 0.87 0.80 
DS4 1.00 0.80 
 
The initial fragility functions for tanks TK1 and TK2 are shown in Figure 6.9a. The probabilities of 
damage state, P[D(Ui) = DSd | IM = im], derived according to Eq.(3.11), are shown in Figure 6.9b.  
 
(a) (b) 
Figure 6.9: (a) initial fragility functions for the four damage states of tanks TK1 and TK2; (b) probability of 
occurrence of the four damage states as a function of the PGA 
 
The probability of damage states from initial fragility functions, the probability of fatality caused by 
damage states (i.e. P[Fg | D(Ui) = DSd ]) and the hazard curve IM , were used to calculate the individual 
risk IRg at each target, as shown in Chapter 3. Then, according to Eq.(4.2), the pll was obtained as the 
summation of the product of the individual risk IRg and the equivalent annual population pg over the 
entire area of interest. Figure 6.10 shows the fatality risk map (i.e. iso-risk curves in the area of interest) 
for this first iteration of the design procedure, i.e. with consideration of the initial fragility functions for 
the units. Note that the fatality risk map in Figure 6.10 should not be compared with the fatality risk map 
in Figure 3.15 because the scale of the colour bar is different. In order to obtain the pll, the pg at each 
target (Figure 4.15) was multiplied by the IRg (Figure 6.10). Figure 6.11 shows the product pg ∙ IRg 
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Figure 6.10: Fatality risk map with consideration of the initial fragility functions for the units 
 
 
Figure 6.11: Annual number of fatalities at each target of the grid, with consideration of the initial fragility 
functions for the units 
 
From Figure 6.11, it can be noted that the expected number of fatalities in the surrounding of the tanks 
is very low because the equivalent annual population is small. On the other hand, the highest annual 
number of fatalities is in the storage warehouse and residential buildings closest to the tank, because the 
IRg is quite high and also the equivalent annual population is high.  
 
The summation of the product pg ∙ IRg overall the targets provides the pll1 (i.e. pll from the 1st iteration) 
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The pll1, calculated with consideration of the initial fragility functions, was compared to the tolerated 
potential loss of life, pllt = 0.056. It can be seen that the potential loss of life pll1 is higher than the pllt. 
Therefore, the seismic fragility functions needed to be adjusted.  
 
6.3.5.2 The disaggregation of the potential loss of life 
 
The disaggregation of the pll1 was performed in order to identify the contributions ,i d  given by the 
damage states of the units (Eq.(5.15)). From Eq.(5.15) it can be observed that ,i d  depends on the 
probability of fatality P[Fg | D(Ui) = DSd ] caused by the d-th damage state of the i-th unit, on the 
probability of occurrence of the damage state P[D(Ui) = DSd | IM = im], on the hazard curve IM , and on 
the equivalent annual population pg. It should be reminded that, for this application, the design procedure 
is used only to design the two tanks. Therefore, the contributions ,i d  were calculated according to 
Eq.(5.15) only for TK1 and TK2. Figure 6.12 shows the contributions through a bar diagram, where the 
height of each bar expresses the contribution ,i d  given by the d-th damage state of the i-th unit.  
 
 
Figure 6.12: Disaggregation of the potential loss of life at the first iteration of the design procedure 
 
It can be observed that the most significant contribution is given by the damage state DS1 of the unit 
TK2. Indeed, as shown in Section 6.3.1, the probability of fatality due to DS1 of TK2 is much greater 
than that due to TK1 (see Figure 6.6). Moreover, the damage state DS1 is the most likely to occur at low 
values of PGA (see Figure 6.9b). As a consequence, the value of , 2DSd TK  (i.e. the integral of the product 
between P[D(TK2) = DS1 | IM = im] and the derivative of the hazard curve) for DS1 is higher than for the 
other damage states, as explained in Section 5.2.2 (see Figure 5.6). From the disaggregation of pll1 in 
Figure 6.12, it was thus deduced that the initial fragility function for DS1 of TK2 needed to be adjusted.  
 
6.3.5.3 Adjustment of seismic fragility functions  
 
The initial fragility function for DS1 of the unit TK2 was adjusted by increasing the median PGA causing 
the exceedance of the damage state, 1DS , up to c ∙ 1DS  (Figure 6.13). It was assumed that the 
dispersion DS  of the fragility function does not change. At the first iteration, there are no clues on 
which value of c to choose for adjusting the fragility function. An arbitrary choice was made, by setting 
c = 2.  
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Figure 6.13: Adjustment of the initial fragility function for DS1 of TK2 
 
As discussed in Section 6.2.1, when the seismic fragility function for one damage state of a unit is 
adjusted, then also the seismic fragility functions for the other damage states should be modified. For 
this study, it was assumed that the ratios between the median values of the seismic fragility functions 
for different damage states are constant. Therefore, if 1DS  is increased by c, then also 2DS , 3DS  and 
4DS  are increased by c. In this way, the relationship between the seismic fragility functions is the same 
as in Table 6.1. Figure 6.14 shows the fragility function for the unit TK2 shifted to the right.  
 
 
Figure 6.14: Adjustment of the seismic fragility functions for the four damage states of TK2 
 
The parameters of the seismic fragility functions for units TK1 and TK2 are in Table 6.3. It should be 
noted that only the fragility functions for the unit TK2 were adjusted. These fragility functions represent 
the basis for the second iteration of the design procedure.  
 





DS g] DS  DS  [g] DS  
DS1 0.17 0.80 0.34 0.80 
DS2 0.55 0.80 1.10 0.80 
DS3 0.87 0.80 1.74 0.80 
DS4 1.00 0.80 2.00 0.80 
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With consideration of the seismic fragility functions from Table 6.3, the second iteration of the design 
procedure can begin. It should be noted that all the other processes from the flowchart in Figure 6.1 (i.e. 
damage-based fatality analysis, Population analysis, Seismic hazard analysis and Acceptance criterion 
definition) are not influenced by seismic fragility functions. Therefore, they do not need to be performed 
again.  
 
At the second iteration, the IRg at each target was re-evaluated, and the obtained fatality risk map is 
shown in Figure 6.15. Note again that the scale of the colour bar is the same as that in Figure 6.10. 
 
 
Figure 6.15: Fatality risk map at the second iteration of the design procedure 
 
In order to calculate the potential loss of life at the second iteration, pll2, the pg at each target 
(Figure 4.15) was multiplied by the IRg (Figure 6.15). The summation of the product pg ∙ IRg for all the 










    (6.5)
 
The pll2 was compared to the tolerated potential loss of life, pllt = 0.056. It can be seen that the potential 
loss of life pll2 is still not lower than the pllt. Therefore, the seismic fragility functions needed to be 
adjusted again. The disaggregation of pll2 was then performed in order to identify the contributions ,i d  , 
which are shown in Figure 6.16 for the four damage states of TK1 and TK2. It can be observed that the 
most significant contribution is again given by the DS1 of the unit TK2. However, this contribution is 
lower than that obtained at the first iteration. 
 
The seismic fragility function for DS1 of the unit TK2 was adjusted again, by increasing 1DS  up to 
c ∙ 1DS . The value c = 6 was chosen. Consequently, under the hypothesis of a constant relationship 
between fragility functions, also 2DS , 3DS  and 4DS  were increased by c = 6. Such a big increase is 
due to the initial assumption of 4DS = 1 g, which was not based on the structural design of the tanks but 
arbitrary selected.  
 
Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 115 
Doctoral dissertation. Ljubljana, UL, Faculty of Civil and Geodetic Engineering, Built Environment. 
 
 
Figure 6.16: Disaggregation of the potential loss of life at the second iteration of the design procedure 
 
The parameters of the fragility functions for units TK1 and TK2 are in Table 6.4. Note that only the 
fragility functions for the unit TK2 were adjusted. These fragility functions represent the basis for the 
third iteration of the design procedure.  
 




DS  g] DS  DS  [g] DS  
DS1 0.17 0.80 1.02 0.80 
DS2 0.55 0.80 3.30 0.80 
DS3 0.87 0.80 5.22 0.80 
DS4 1.00 0.80 6.00 0.80 
 
With consideration of the fragility functions in Table 6.4, the IRg at each target was re-evaluated. The 
fatality risk map at the third iteration is shown in Figure 6.17.  
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    (6.6)
 
The pll3 was compared to the tolerated potential loss of life, pllt. The risk-targeted design criterion of 
Eq.(6.2) resulted as follows: 
 
3 0.055 0.056tpll pll    (6.7)
  
The potential loss of life pll3 is finally lower than the pllt. Therefore, the fragility functions at the third 
iteration can be considered as the target fragility functions. The values of DS  obtained for the target 
fragility functions of TK2 (Table 6.4) are quite high. However, these values are not unusual for the case 
of unanchored cylindrical tanks (e.g. [50]).  
 
6.3.5.4 Target fragility functions 
 
The results of the design procedure are the target fragility functions for the damage states of the industrial 
units TK1 and TK2, shown in Figure 6.18. 
 
(a) (b) 
Figure 6.18: Target fragility functions for the industrial units: (a) for tank TK1; (b) for tank TK2 
 
In order to fulfil the performance objective (Eq.(6.2)), the engineers have to design the units in such a 
way that the actual fragility functions for the damage states will be slightly on the right-hand side of the 
target fragility functions. As explained in Section 6.2.2, the target fragility functions have to be intended 
only as limiting functions. In other words, the actual fragility functions for the damage states can be in 
any relationship, as long as they are all at the right-hand side of the target fragility functions. However, 
as discussed at the beginning of this chapter, the adjustment of the seismic fragility functions is not the 
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6.4 Risk-targeted design procedure for the units of industrial facilities: different strategies 
 
In Section 6.1, a flowchart for the risk-targeted design of industrial units in an industrialised urban area 
was presented. It was shown that the core of the procedure consists of the iterative adjustment of the 
seismic fragility functions for the units, in order to reduce the pll in the area of interest. However, the 
adjustment of the seismic fragility functions requires structural interventions, which may be extremely 
costly. Moreover, as it was shown with the case study in Section 6.3, the result in terms of target fragility 
functions may be very demanding (e.g. 4DS = 6 g for TK2). Different strategies may thus be followed 
to reduce the pll. 
 
A possible strategy to reduce the pll could be to relocate the critical unit. The big contribution to fatality 
risk given by the critical unit in an industrialised urban area is mainly due to the domino effects, which 
are triggered by physical-chemical phenomena due to LOC events. The intensities of physical-chemical 
phenomena are a function of the distance between source and target, as shown in Chapter 3. Therefore, 
the intensities of such phenomena may be reduced if the distance between source and target is increased. 
Consequently, the fatality risk is also reduced. However, the relocation of the critical unit may be not 
easy because of limited space in the area. Therefore, a hybrid strategy is also possible, i.e. the seismic 
fragility functions for the critical unit are adjusted and, at the same time, the critical unit is relocated. 
Such a hybrid strategy could result in less demanding target fragility functions. An example of this 
hybrid strategy is shown in the following, for the case study presented in Section 6.3. 
 
The parameters of the initial fragility functions for the case study in Section 6.3 are reported in Table 6.2, 
and the correspondent fatality risk map is reported in Figure 6.10. It was shown that the unit that gives 
the most significant contribution to the fatality risk is TK2 (see Figure 6.12). Therefore, in the last 
iterations, it was decided to adjust the fragility functions for TK2, by increasing the median PGA causing 
the exceedance of the damage states of the quantity c = 6. However, as discussed above, a different 
strategy could be to relocate the tank TK2. In particular, it could be efficient to move TK2 far from TK1, 
in order to reduce the possibility of domino effects. At the same time, the tank TK2 should not be located 
close to residential buildings, because TK2 could trigger domino effects and cause the fatality of people 
in the residential buildings. Therefore, because of limited possibilities to relocate the tank, it was decided 
to use a hybrid strategy, i.e. the tank TK2 was relocated, and the fragility functions were adjusted.  
 
In particular, the seismic fragility functions for the unit TK2 were adjusted by increasing 1DS , 2DS , 
3DS  and 4DS  by c = 4. The parameters of the fragility functions for units TK1 and TK2 are in 
Table 6.5. Note that only the fragility functions for the unit TK2 were adjusted.  
 




DS  [g] DS  DS  [g] DS  
DS1 0.17 0.80 0.68 0.80 
DS2 0.55 0.80 2.20 0.80 
DS3 0.87 0.80 3.48 0.80 
DS4 1.00 0.80 4.00 0.80 
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At the same time, the tank TK2 was moved 150 meters from the original location (see Figure 6.19). The 
fatality risk map, obtained with consideration of the seismic fragility function in Table 6.5 and of the 
new location of the tank TK2, is reported in Figure 6.19. The pll was calculated (Eq.(4.2)) and resulted 
in pll = 0.052. Because this value is lower than the tolerated pllt, the design solution was considered 
acceptable. With this hybrid strategy, the target fragility functions for TK2 (Table 6.5) are less 
demanding than in the case presented in Section 6.3 (Table 6.4). In other words, the relocation of the 
tank allowed reducing the requirements in terms of target fragility functions. However, such a solution 
is not convenient if the layout of the plant is already fixed because it would be difficult to relocate the 
tanks.  
 
A further different strategy could require the use of safety barriers around TK2, which could reduce the 
probability of domino effects and, consequently, the risk of fatality (e.g. [160]). In such a case, the 
methodology presented in this chapter is still applicable. Indeed, if enough data are available, it could 
be possible to quantify the intensity of the physical-chemical phenomena triggered by a LOC event, 
mitigated by the presence of the barriers, and then derive the fatality maps as explained in Chapter 3. 
However, such a calculation is out of the scope of this thesis and may be subject to further research. 
 
 
Figure 6.19: Fatality risk map obtained with the hybrid design strategy 
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A comprehensive methodology for the estimation of the seismic design parameters of new or existing 
units of industrial facilities is developed and presented in the thesis. The methodology accounts for the 
fatality risk in the area affected by an industrial facility, and the domino effects triggered by the damage 
of industrial units are also considered.  
 
The methodology is gradually introduced in each chapter. In Chapter 2, a risk-targeted decision model 
for the verification of the seismic performance of units of industrial facilities has been proposed. The 
aim of Chapter 2 is to update the state-of-practice seismic design procedure for industrial units, in order 
to account for risk-targeted performance objectives related to the prevention of loss of hazardous 
material from industrial units. The performance objectives are defined in terms of target (acceptable) 
risk, which is taken into account by a risk-targeted safety factor. This risk-targeted safety factor was 
derived in [29,30] and is applied in this thesis for the case of industrial units. The novelty introduced in 
this chapter consists of a risk-targeted decision model, which allows designing an industrial unit based 
on the performance requirements of the equipment attached to the unit, for a predefined target risk. Such 
a decision model can be easily adopted by engineers because the seismic demand is calculated by 
analogy to the Eurocodes. The target risk in Chapter 2 is related to an acceptable risk of exceedance of 
a limit state, which is often arbitrarily defined by some experts or regulators. In more general cases, the 
target risk can be linked to other types of consequences. For safety-related acceptance criteria, the target 
risk can be associated with the fatality risk. For this reason, a methodology for earthquake fatality risk 
estimation in industrialised urban areas is introduced in Chapter 3.  
 
The methodology for earthquake fatality risk estimation developed in Chapter 3 accounts for the 
possibility that the seismic damage of the industrial units causes a loss of hazardous material and, 
consequently, triggers domino effects. Such domino effects can significantly increase the risk of 
fatalities in the entire affected area. The novelty of the methodology is that the assessment of fatality 
risk is treated by decomposing the problem into several subproblems, which are described by simplified 
probabilistic models and then coupled with the Monte Carlo method. Moreover, the simulation of 
seismic response is not included in the Monte Carlo method but indirectly considered through the 
seismic fragility functions of the units. This reduces the computational time of the procedure drastically. 
The methodology proposed in Chapter 3 provides the individual risk at each point of the industrialised 
urban area of interest. However, the individual risk does not directly provide information on the expected 
number of fatalities because it does not take into account, by definition, the daily, the weekly and the 
annual migration of people in the area of interest. For this reason, a methodology to estimate the expected 
annual number of fatalities (i.e. the potential loss of life) in industrialised urban areas has been presented 
in Chapter 4.  
 
The novelty presented in Chapter 4 consists of the population models, which are developed to simulate 
the number of people in different zones of the industrialised urban area, with consideration of the 
temporal variability of the distribution of people over the hours, the days and the months. Such models 
are needed to calculate the potential loss of life in the area of interest. The tolerable potential loss of life 
can be then considered as the performance objective for the performance-based design procedure for 
units of industrial facilities. A methodology for the disaggregation of fatality risk in industrialised urban 
areas is then introduced in Chapter 5, which allows identifying the different contributions of damage 
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states and units to the fatality risk. Once this information is expressed by quantitative measure, then it 
can be used for the design of units of an industrial facility. 
 
Finally, a novel simplified procedure for the risk-targeted design of industrials unit by considering the 
consequences of domino effects is presented in Chapter 6. The novelty of this procedure is that it makes 
it possible to define the target fragility functions for industrial units by taking into account the fatality 
risk in the overall affected area. The current sate-of-practice risk-targeted design procedures only 
account for the direct consequences of the damage of the unit. The design procedure proposed in this 
thesis, instead, takes into account the additional risk due to indirect consequences caused by the damage 
of the unit, such as physical-chemical phenomena triggered by the loss of containment, and domino 
effects.  
 
7.1 Conclusive remarks of Chapter 2 
 
A risk-targeted decision model has been proposed for the verification of the seismic performance of 
units of industrial facilities. The model is based on the conventional hazard-targeted decision model 
introduced in Eurocode 8 for the verification of damage limitation limit state, on the closed-form 
solution of the IM-based risk equation, and on the assumption of linearity between the EDP of a structure 
and the IM. The new decision model was intentionally derived from the hazard-targeted decision model, 
which is familiar to engineers, and it is based on the comparison between demand and capacity. The 
seismic analysis needed to calculate the demand is independent of risk objective and thus identical to 
that defined in the code. The capacity is defined as the ratio between the best estimate of the 
displacement that causes the limit state, and the risk-targeted safety factor RT . It was found that the
RT  is mostly influenced by the target risk, which should be selected on the basis of the importance of 
the critical equipment attached to the industrial unit. The lower is the target risk, and the greater is the 
value of RT . The risk-targeted safety factor also takes into account the randomness of the seismic 
intensity that causes the exceedance of a limit state. If the seismic design action corresponds to a return 
period of 475 years, the typical values of RT  varies between 2.8 (when the slope k of the hazard curve 
is equal to 3) and 7.5 (when the slope k of the hazard curve is equal to 1.5). The RT  is site-dependent 
because it depends on the hazard curve slope. However, it was shown that the dependence of RT  on 
the slope of the hazard curve could be minimised if the return periods of the seismic design action is 
properly selected. For example, if the target risk is equal to 1.5∙10-3, the variation of RT  with respect to 
the slope of the hazard curve is minimised by selecting a return period of 650 years. 
 
It was demonstrated that the proposed risk-targeted decision model for the verification of a certain limit 
state could be applied for the design of a typical industrial unit, e.g. a pipe rack in a petrochemical plant. 
The most challenging part of the proposed risk-targeted design procedure is to properly define the 
displacement capacity, i.e. the displacement that causes the exceedance of a designated limit state. The 
procedure is developed in such a way that the displacement capacity can be evaluated independently of 
the analysis of the structure. This offers more flexibility in the process of the design of pipes and pipe 
racks, which can be carried out by different design teams. The advantage applies when the dynamic 
interaction between the primary structure and equipment can be neglected. If the interaction has to be 
taken into account, the introduced risk-targeted safety factor can still be used. Still, the safety verification 
should be applied directly to the equipment (e.g. the pipes), by estimating the seismic demand on a 
coupled model of primary structure and equipment together. It should also be underlined that, if the 
equipment is acceleration-sensitive, a model based on the limitation of the displacements may not be 
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appropriate. Still, the proposed approach could easily be adapted by introducing a decision model based 
on floor accelerations rather than on displacements. 
 
The proposed risk-targeted decision model could be used for the next generation of the codes for seismic 
resistant design of structures. However, extensive parametric studies are needed in order to properly 
define the displacement capacity for different types of critical equipment. In the proposed approach,  the 
target risk is related to an acceptable risk of exceedance of the limit state, which is often arbitrarily 
defined by some experts or regulators. However, for safety-related acceptance criteria, the target risk 
should be linked to the expected consequences of the seismic damage of industrial units, e.g. the fatality 
risk. For this reason, a methodology for earthquake fatality risk estimation in industrialised urban areas 
was developed. 
 
7.2 Conclusive remarks of Chapter 3 
 
The proposed methodology for earthquake fatality risk estimation allows the simultaneous consideration 
of multiple hazards that endanger industrialised urban areas hit by an earthquake. The extremely 
complex phenomenon is decomposed into several subproblems. The seismic damage of the units is 
modelled by seismic fragility functions for different damage states. Earthquakes are modelled by the 
probabilistic seismic hazard analysis, as defined by seismologists. Several other models had to be 
defined, which, however, could generally be prepared by the involvement of different branches of 
engineering. These models are needed to simulate the probability of fatality caused by debris, the 
probability of loss of containment, the intensity of the triggered physical-chemical phenomena, and the 
probability of fatality and structural damage caused by such phenomena. All these models were 
integrated into the Monte Carlo method, which was used to calculate the individual risk and the fatality 
risk maps for the area of interest. Because simplified models for simulation of probabilities for different 
intermediate events were introduced into the Monte Carlo simulation, the computational costs for one 
simulation are minimal. Such a simplification allowed implementing the Monte Carlo method to 
complex problems which require the simulation of multi-hazard domino effects. The methodology was 
primarily developed for areas influenced by petrochemical plants, but the theoretical part is general and 
can thus be applied to different types of industrialised urban areas.  
 
The capabilities of the proposed methodology were demonstrated by calculating the fatality risk maps 
with and without consideration of multi-hazard domino effects for a given industrialised urban area. It 
was shown that disregarding the domino effects in an industrialised urban area could lead to significant 
underestimation of risk in the case of seismic events. In particular, the distance from the hazardous 
facility at which the individual risk becomes less than the limiting value (IR=10-4 / year) was increased 
by 23% when domino effects were taken into account. Information from the fatality risk maps could be 
used for decision-making regarding safety issues in an industrialised urban area or, as shown in the 
thesis, for the seismic design of new or seismic performance assessment of existing units of industrial 
facilities.  
 
Due to the extreme complexity of the problem, the proposed methodology is based on several 
simplifications and assumptions. Modelling of the relationship between damage states and loss of 
containment states is simplified. The effects of physical-chemical phenomena were obtained under 
several hypotheses (e.g. the effects of meteorological conditions after an earthquake were practically 
neglected). Also, the models which allow for estimating the probability of fatality and the probability of 
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structural damage due to chemical phenomena are based on probit functions, which are also quite 
simplified. Consequently, additional studies are needed to improve these models, which, however, can 
be treated by teams of engineers of different branches. Currently, the validation of the estimated 
individual risk based on the proposed methodology is limited because of the limited availability of 
empirical fatality data collected from domino effects triggered by historical Natech events. However, 
the methodology introduced in the thesis is based on independent models for the fatalities caused by 
different hazards (e.g. fatality due to structural damage or fires or explosions or toxic dispersion or other 
phenomena). The validation issue may thus be solved partly in future research, by validating the fatality 
models with empirical data obtained for different hazard, without considering the effect of domino. The 
potential bias in the estimation of the individual risk due to the lack of data may be an object of future 
research. 
 
7.3 Conclusive remarks of Chapter 4 
 
In Chapter 4, a methodology to estimate the annual number of fatalities in industrialised urban areas has 
been presented. This risk measure is termed as the potential loss of life, pll, and represent a fatality - based 
risk measure for the entire population rather than the individuals. The estimation of the potential loss of 
life starts with the calculation of the individual risk over the entire area of interest, as detailed in 
Chapter 3. The individual risk is then multiplied by the equivalent annual population at each target, in 
order to calculate the annual number of fatalities in the area of interest. Different population models 
have been proposed in the thesis to estimate the equivalent annual population in the area. The population 
models account for the expected spatial and temporal variability of people during the year. Thus, the pll 
takes into account the probability of occurrence of earthquakes, the probability of multi-hazard domino 
effects triggered by the earthquake, and the probability that these phenomena cause fatality of the 
individuals in the area of interest. 
 
The proposed population models were used to calculate the annual number of fatalities at each target of 
the industrialised urban area analysed in Chapter 3. It was shown that the individual risk alone does not 
give a proper perception of the risk because it does not account for the expected distribution of the 
people in the area. Indeed, the highest number of fatalities is expected at the targets where both the 
individual risk and the equivalent annual population are high. For example, for the case study presented 
in the chapter, it was shown that the annual number of fatalities is low in the surrounding of the tanks, 
although the individual risk is high. This happens because the equivalent annual population in the 
surrounding of the tanks is very small.  
 
The population models proposed in the chapter are based on some assumptions. Firstly, it was assumed 
that the population is uniformly spread within each target. The smaller is the size of the target, the more 
accurate is this assumption. Simplified assumptions are also made to model the migration of the 
population between targets inside and outside the area. For instance, it is assumed that people can be in 
the passageway only for moving from their houses to places outside the area of interest. Moreover, the 
peak number of people at different targets are taken from literature and may not reflect the real number 
of occupants of the investigated area. 
 
Future research may improve the population models by explicit consideration of population. For 
instance, companies may use identification systems and phone tracking analysis to monitor the presence 
of people at different targets. However, sensitivity studies are needed first to get an insight into the 
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importance of the population models on the seismic design parameters of units of industrial facilities. 
However, the methodology proposed in this chapter is applicable to calculate the potential loss of life, 
even though the population models will be improved in the future. The potential loss of life obtained 
using the presented methodology is suitable as a risk measure for the risk-targeted design of industrial 
units. Indeed, it makes sense that the performance objective is defined by the number of fatalities per 
year which is considered acceptable. This number is easy to be understood by stakeholders and society 
and may give a prompt perception of the risk if compared to the potential loss of life as a consequence 
of some other hazard.  
 
7.4 Conclusive remarks of Chapter 5 
 
It is intuitive to understand that different damage states and different units may differently contribute to 
the risk of fatality. Still, once this information is expressed by quantitative measure, then it can be used 
for the design of units of an industrial facility. Therefore, a methodology to calculate the contributions 
to the fatality risk given by each damage state of each unit is introduced in Chapter 5. This methodology 
is indicated as the disaggregation of fatality risk. It can be used for the disaggregation of individual risk 
and the disaggregation of the potential loss of life. Both cases are presented in Chapter 5. The 
disaggregation of the potential loss of life is then used for the risk-targeted design procedure presented 
in Chapter 6.  
 
The contributions to fatality risk depend on seismic fragility functions for the damage states, the hazard 
curve for the location, and the probabilities of fatality as a consequence of seismic damages of the units. 
The fatalities caused by multi-hazard domino effects are considered in the calculation. For a simple case 
study, it is shown that a minor damage state may give a greater contribution to fatality risk than a severe 
damage state. This happens because even slight damage is likely to occur and has some probability of 
causing the loss of hazardous containment, which can result in domino effects. On the contrary, severe 
damage states occur only for rare or very rare earthquakes, which means that estimating severe damage 
state may not be of primary interest if domino effects can be catastrophic.  
 
The disaggregation allows identifying which damage state of which unit is the most responsible of 
fatalities in the area of interest. This damage state of the identified unit should be adjusted in order to 
reduce the fatality risk in the most efficient way. For this reason, it is suggested that the disaggregation 
of fatality risk is included in the design process for the units of industrial facilities. In the simple case 
study presented in Chapter 5, the disaggregation of fatality risk concerns the individual risk. However, 
as shown in the thesis, the potential loss of life was chosen as the risk measure for the risk-targeted 
design procedure presented in Chapter 6. Therefore, the case study that shows the disaggregation of 
fatality risk in term of the potential loss of life is postponed to Chapter 6.  
 
7.5 Conclusive remarks of Chapter 6 
 
All the methodologies presented in this thesis were finally put together to develop a risk-targeted design 
procedure for the units of industrial facilities. The decision model of the design procedure requires that 
the fatality risk in an industrialised urban area is lower than the tolerable risk. It is suggested to measure 
the risk by the potential loss of life, pll, which provides the annual number of fatalities in the area. In 
the calculation of the pll, it is considered that the triggering event is an earthquake, but fatalities caused 
by multi-hazard domino effects are taken into account too. The outcome of the design procedure consists 
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of target fragility functions, i.e. the seismic fragility functions for the industrial units such to balance the 
tolerated number of fatalities in the entire area of interest. It is worth noticing that the integration of the 
target fragility function with the derivative of the hazard curve provides the target risk, which could be 
used for the risk-targeted decision model presented in Chapter 2. 
 
The introduced procedure for the calculation of the target fragility functions of the units consists of five 
processes. The first four processes are self-standing and can be separately performed by different teams 
of engineers. Each of these four processes has a result, used as input for the fifth process, which is the 
core of the design procedure. Although the fifth process of the procedure is iterative, the first four 
processes need to be performed only once. As a consequence, the computational time of the entire 
procedure is drastically reduced. Moreover, different teams of engineers may enhance the models and 
the methods proposed for each process. 
 
However, the procedure is based on some assumptions, which may require further verifications. More 
in details, it is assumed that the relationship between target fragility functions for different damage states 
of a unit is fixed a priori. Moreover, it is assumed that the dispersions of intensity measures causing a 
designated damage state, which has to be defined a priori and is a parameter of the target fragility 
functions, do not change when fragility functions are adjusted. In most cases, this information can be 
obtained from the fragility functions of families of units, but further research may be needed to get more 
insight into the assumed parameters. However, the resulting target fragility functions still fulfil the 
design objective. Namely, in the final stage of the design, engineers have to prove that the actual fragility 
functions for the damage states are slightly on the safe side, i.e. at the right-hand side of the target 
fragility functions. Thus if the assumptions made for calculating the target fragility functions were 
incorrect, the design objective would still be achieved, but the final design may not be close to the 
optimal solution. 
 
The optimal solution could be obtained by optimisation algorithms aimed to fulfil the performance 
requirement of the tolerated potential loss of life and, at the same time, minimise the construction or live 
cycle costs. However, such methods are not very practical and may become extremely complex in the 
case of industrialised urban areas, because it is extremely difficult to set up all penalty functions in the 
case of complex industrial plants. The methodology proposed in this chapter, instead, it is much easier 
to be implemented. It allows the engineers to handle the calculation, and the costs of the design solution 
can still be controlled in the aftermath.  
 
The capabilities of the proposed design procedure were demonstrated through an application to a case 
study. It was shown that the calculation of the target fragility functions of the units is quite straightway 
once the first four processes of the design procedure are performed. However, the result is affected by 
the limitations of the methodologies used to perform the first four processes. For example, the 
probabilities of a fatality caused by different damage states were calculated using the methodology 
presented in Chapter 3, which is affected by several simplifications, as discussed in Section 7.2 (e.g. 
simplified relationship between damage states and loss of containment states, effects of meteorological 
conditions neglected, simplified probit functions, etc.). 
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7.6 Original contributions to the science 
 
The original contributions to the science provided by this dissertation are summarised in the following: 
 
- A simplified risk-targeted decision model for the verification of the seismic performance of 
industrial units has been developed.  
- The insight into the influence of the parameters that affect the risk-targeted safety factor has 
been provided. The parameters considered are the location, the target risk, and the dispersion of 
the seismic intensity causing exceedance of the considered limit state. 
- A solution to make the risk-targeted safety factor independent of the location has been proposed. 
It consists of selecting the return periods for seismic design actions that minimise the 
dependence of the risk-targeted safety factor on the slope of the hazard curve   
- A design procedure for industrial units based on the risk-targeted decision model has been 
presented. 
- A methodology for fatality risk estimation in industrialised urban areas by considering domino 
effects has been presented. 
- A procedure based on Monte Carlo simulations has been developed to model the consequences 
of domino effects. 
- The influence of domino effects has been quantified by assessing the fatality risk for a typical 
industrialised urban area.  
- Different population models, aimed to catch the temporal and spatial variability of people in an 
area, have been developed. 
- A procedure to calculate the expected annual number of fatalities due to a seismic event, with 
consideration of domino effects, has been presented.  
- A criterion for defining the tolerable fatality risk has been proposed. 
- A methodology for the disaggregation of fatality risk has been developed, aimed at calculating 
the contributions to the risk given by different damage states of different units in an 
industrialised urban area. 
- A performance-based design procedure for the units of industrial facilities based on the potential 
target loss of life in the entire affected area has been introduced. The fatalities caused by domino 
effects are taken into account. 
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Industrijski obrati so sestavljeni iz več enot, ki skladiščijo ali transportirajo nevarne snovi, kot so silosi, 
visokotlačni rezervoarji, cevovodi ali drugi sestavni deli. Iz izkušenj vemo, da lahko naravni dogodki, 
kot so potresi, povzročijo katastrofalno škodo na industrijskih obratih in sprožijo nadaljnje neželene 
dogodke, kot so požari, eksplozije ali širjenje strupenih snovi v okolje. Posledice teh neželenih 
dogodkov lahko prizadenejo ljudi, ki delajo v industrijskem obratu, in ljudi, ki živijo v urbanem območju 
v bližini industrijskih objektov, kot je bilo opaženo, na primer, med potresom v Fukušimi leta 2011 [1] 
in pri nekaterih drugih dogodkih (npr. [2]). Ker so takšne industrijske nesreče posledica ekstremnih 
naravnih dogodkov, jih imenujemo nesreče Natech (angl. »Natural Technological accidents«). Tehnični 
predpisi in standardi za načrtovanje, gradnjo in obratovanje stavb in objektov v industrijskih obratih 
upoštevajo tveganje zaradi naravnih nesreč, vendar ne do stopnje, ki bi omogočala sprejemanje odločitev 
z upoštevanjem vseh možnih potresov in z njimi povezanih sekundarnih dogodkov zaradi domino 
učinkov [3]. 
 
Potresno tveganje je kontrolirano, če so industrijske enote zasnovane tako, da izpolnjujejo zahteve glede 
predpisane potresne zmogljivosti. Ta filozofija je bila uvedena v okviru Projekta potresnega inženirstva, 
osnovanega na načrtovanju potresne zmogljivosti (PBEE) [5], ki se že vrsto let uporablja v različnih 
inženirskih disciplinah in sektorjih [6]. Zahteve glede potresne zmogljivosti konstrukcij običajne 
pomembnosti so opredeljene s ciljem zagotavljanja zaščite človeških življenj, omejitve škode, in 
ohranitve funkcionalnosti stavb, pomembnih za civilno zaščito (npr. [7]). Tako definirane zahteve za 
potresno zmogljivost ne zadostujejo za načrtovanje enot industrijskih obratov, kot so rafinerije. Po vzoru 
smernic za potresnoodporno načrtovanje in usposobljenost jedrskih elektrarn [8] je treba za načrtovanje 
enot rafinerij upoštevati tudi zahteve glede preprečevanja izgube nevarnih snovi. Takšna zahteva je 
smiselna, saj lahko sproščanje nevarnega materiala sproži neželene domino učinke v smislu dodatnih 
neželenih dogodkov, kot so požari, eksplozije ali razpršitev strupenih snovi [9]. 
 
Medtem ko so postopki načrtovanja navadnih stavb v literaturi že zelo razširjeni, se poraja vprašanje, 
kako zahteve po potresni zmogljivosti industrijskih enot vključiti v postopke načrtovanja kompleksnih 
industrijskih obratov, ob tem pa upoštevati tudi vplive domino učinkov. Ker domino učinki v splošnem 
povečujejo tudi ranljivost grajenega okolja, ki obdaja industrijske obrate, bi moral postopek načrtovanja 
industrijskih objektov upoštevati tudi odziv okoliškega urbanega območja, ki je lahko posredno prizadet 
tudi zaradi domino učinkov poškodovanih industrijskih objektov. Da bi kompleksen problem bolje 
razumeli, je bila raziskava, ki je predstavljena v doktorski disertaciji, usmerjena v razvoj postopka za 
načrtovanje posameznih industrijskih objektov z upoštevanjem domino učinkov na industrijsko-urbana 
območja. Ker potresna škoda industrijskih enot lahko povzroči neželene posledice za obrat in ljudi, ki 
živijo v njegovi neposredni bližini [10], smo se pri razvoju postopka za načrtovanje industrijskih 
objektov osredotočili na varovanje človeških življenj. Zato smo ciljno potresno zmogljivost merili s 
toleriranim tveganjem za smrtne žrtve za izbrano časovno in prostorsko enoto. Predlagana metoda 
potresnoodpornega načrtovanja enot industrijskih obratov posledično temelji na časovno opredeljenem 
ciljnem tveganju za izgubo življenja na celotnem prizadetem območju. Razvit postopek načrtovanja 
količinsko upošteva domino učinke, ki jih sprožijo potresni dogodki v industrijsko-urbanih območjih. 
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Predlagana metodologija je splošna, vendar je bila njena uporaba demonstrirana za relativno enostaven 
petrokemičen obrat, ki je sestavni del industrijsko-urbanega območja.  
 
Raziskavo smo opravili v okviru projekta XP-RESILIENCE [11], ki je obsegal raziskave za krepitev 
odpornosti rafinerij. Za boljši vpogled v vsebino doktorske disertacije so v nadaljevanju razširjenega 
povzetka na kratko predstavljena ključna poglavja doktorske disertacije s poudarkom na rezultatih in 
ugotovitvah raziskave. 
 
8.2 Poglavje 2: Odločitveni model za potresnoodporno načrtovanje industrijskih enot na osnovi 
ciljnega tveganja 
 
V 2. poglavju je predstavljen odločitveni model za preverjanje potresne zmogljivosti enot industrijskih 
obratov na osnovi ciljnega tveganja. Obstoječi postopki načrtovanja na ciljno tveganje so usmerjeni 
predvsem v preprečevanje porušitve objektov. Hitro smo ugotovili, da takšni postopki ne bodo zadostni 
pri potresnoodpornem načrtovanju industrijskih obratov, saj je omejitev škode v določenih enotah lahko 
bolj pomembna, kot posledice porušitve nekaterih drugih enot. Na primer, cevi v obratu lahko vsebujejo 
nevarne snovi. Zato bi njihova škoda lahko povzročila izgubo nevarnih snovi, kar lahko sproži 
katastrofalne dogodke, kot so požari, eksplozije ali širjenje nevarnih snovi v okolje. Poleg tega je pri 
načrtovanju industrijskih obratov lahko pomembno, da zagotovimo funkcionalnost med potresom in po 
njem, saj bi daljša prekinitev delovanja lahko povzročila velike gospodarske izgube. V splošnem je zato 
v okviru načrtovanja ali ocene potresne zmogljivosti industrijskih obratov smiselno definirati različne 
ciljne zmogljivosti za posamezne enote industrijskega obrata. Zato smo razvili sorazmerno enostaven 
odločitveni model z upoštevanjem ciljnega tveganja, ki se ga lahko uporabi za preverjanje različnih 
ciljnih zmogljivosti posameznih enot, predvsem z namenom preprečevanja izgube nevarnih snovi v 
petrokemičnih obratih.  
 
Predlagani odločitveni model temelji na konceptu potresne zahteve in kapacitete, ki je dobro vpeljan v 
praksi. Potresna zahteva v smislu pomika se oceni z uporabo običajne potresne analize za določen 
projektni potres, medtem ko je kapaciteta izražena s pomikom, pri katerem se pojavi ciljna stopnja 
poškodovanosti industrijskega objekta. Tako določena kapaciteta se zmanjša z varnostnim faktorjem 
RT , ki vključuje vpliv časovno opredeljenega ciljnega (sprejemljivega) tveganja, s katerim se 
preprečuje, da bi potresna zahteva prekoračila kapaciteto. V okviru raziskave smo ugotovili, da lahko 
varnostni faktor RT , ki je osnovan na spektralnih pospeških v povezavi s ciljnim tveganjem in 
projektnim potresom, uporabimo tudi za odločitveni model, ki temelji na pomikih, vendar le kadar velja 
pravilo »enakih pomikov« elastičnega in neelastičnega sistema [79]. Poleg tega smo ugotovili, da ima 
ciljno tveganje, ki se lahko spreminja glede na pomembnost enote industrijskega obrata, relativno velik 
vpliv na vrednost varnostnega faktorja RT . Na varnostni faktor RT  vpliva tudi lokacija objekta, saj je 
od nje odvisen naklon krivulje potresne nevarnosti, posredno pa tudi vpliv naključnosti potresne 
obtežbe, kar se izraža v standardni deviaciji intenzitete potresa, ki povzroči prekoračitev mejnega stanja 
poškodovanosti enote industrijskega obrata, LS . 
 
Da bi dobili vpogled v pomembnost parametrov, ki vplivajo na varnostni faktor RT , smo izvedli analizo 
občutljivosti. Pokazalo se je, da je RT , če je izražen v logaritemskih koordinatah, linearna funkcija 
ciljnega tveganja ,t LSP , ki je izraženo z letno verjetnostjo prekoračitve mejnega stanja poškodovanosti 
enote industrijskega obrata. Varnostni faktor RT  se povečuje, ko se ciljno tveganje zmanjšuje. Ta trend 
je izrazitejši v primeru nižjih vrednosti naklona krivulje potresne nevarnosti. Vrednost RT  se poveča 
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do petkrat, če se ,t LSP  zmanjša do desetkrat (npr. z 10
-3 na 10-4 na leto). Če projektni potres ustreza 
povratni dobi 475 let in če je ciljno tveganje za prekoračitev mejnega stanja enako 10-4 na leto (to je 
0,5% v 50 letih), vrednost RT  znaša okrog 2,8, če je naklon krivulje potresne nevarnosti enak 3, in 
okrog 7,5, če je naklon krivulje potresne nevarnosti 1,5.  
 
Postopek načrtovanja, ki vključuje predlagani odločitveni model, je sestavljen iz petih korakov: 
 
1. Opredelitev relevantnih podatkov. Določiti je treba potrebne podatke o načrtovani konstrukciji, 
kot so materiali, geometrija, obremenitve in mase ter podatke o kritični opremi. 
 
2. Ocena kapacitete konstrukcije v smislu pomikov. V tem koraku je treba najprej identificirati 
kritično opremo in ugotoviti, katere okvare ali stanja poškodovanosti lahko povzročijo motnje 
v obratovanju. To bi bila lahko ena izmed pomembnih cevi, ki vsebuje tekočino, bistveno za 
procese v obratu, ali rezervoar oziroma stroj, pri poškodbi katerega bi bilo treba obratovanje 
obrata prekiniti. Nato je treba določiti kriterij za doseganje mejnega stanja poškodovanosti, ki 
je odvisen od vrste opreme. Na primer, mejno stanje poškodovanosti cevi je lahko doseženo pri 
poškodbah cevi, kjer pride do izgube tekočine, mejno stanje visokotlačnega rezervoarja pa pri 
zlomu sidrnega vijaka. Nato na osnovi ciljne poškodovanosti opreme določimo kapaciteto 
konstrukcije. Kapaciteto konstrukcije se običajno količinsko opredeli z mejno napetostjo ali 
deformacijo njenih ključnih delov. V okviru te analize se za vsako kritično opremo oceni 
kapaciteta konstrukcije v smislu pomika in z njim povezanim mejnim stanjem. V tem koraku je 
predpostavljeno, da se lahko kritična oprema modelira neodvisno od konstrukcije, vendar je 
treba pri analizi opreme upoštevati robne pogoje, ki vključujejo vpliv konstrukcije. Za natančno 
napovedovanje kapacitete konstrukcije je ključen tudi primeren numerični model opreme.  
 
3. Ocena potresnih zahtev v smislu pomika konstrukcije. Pomiki konstrukcije se ocenijo s 
konvencionalno potresno analizo. V ta namen je treba razviti in analizirati ustrezen model 
konstrukcije. Ker gre predvsem za verifikacijo mejnega stanja funkcionalnosti enote 
industrijskega obrata, je običajno dovolj, da se potresne zahteve določi z linearno elastično 
analizo, kot je, na primer, predpisano z Evrokodom 8. 
 
4. Izračun varnostnega faktorja RT . Najprej je treba opredeliti ciljno (sprejemljivo) verjetnost 
,t LSP . Glede na pomembnost kritične opreme lahko za vsako kritično opremo določimo več 
različnih vrednosti. Predpostaviti je treba vrednost standardnega odklona pospeškov, ki 
povzročijo izbrano mejno stanje, LS . Ta predpostavka nima ključnega vpliva na rezultat, saj 
je bilo pokazano, da je možno dober približek določiti vnaprej s pomočjo parametričnih študij 
[76,86]. Vrednosti RT  se izračunajo za vsako kritično opremo ob upoštevanju funkcije potresne 
nevarnosti, opredeljene ciljne verjetnosti ,t LSP  in predpostavljene vrednosti LS . V nadaljnjem 
postopku odločanja se uporablja največji varnostni faktor RT . 
 
5. Preverjanje zmogljivosti enote industrijskega obrata in prilagajanje konstrukcije. Potresne 
zahteve v smislu pomikov, kot so izračunane v koraku 3, se primerja s kapaciteto (korak 2) ter 
deli z največjo vrednostjo varnostnega faktorja RT  (korak 4). Če je potresna zahteva večje od 
kapacitete pomika, potresna zmogljivost konstrukcije za izbrano mejno stanje ni zadostna. To 
pomeni, da je treba izboljšati konstrukcijo ali kritično opremo sistema. V tem primeru je treba 
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ponoviti korake od 3 do 5 in postopek ponavljati, vse dokler potresne zahteve niso manjše od 
kapacitete pomika.  
 
Opisan postopek načrtovanja smo demonstrirali s primerom, ki je vključeval projektiranje konstrukcije 
za oporo industrijskih cevovodov, kot se uporabljajo v petrokemičnih obratih. Najbolj zahteven del 
predlaganega postopka načrtovanja konstrukcije na ciljno potresno tveganje je pravilna ocena kapacitete 
pomika v povezavi z izbranim mejnim stanjem poškodovanosti. Pri oceni kapacitete pomika 
konstrukcije smo upoštevali, da so za obravnavan primer mehanske opore, ki povezujejo cevi z nosilci 
konstrukcije, dovolj toge, da v njih ne pride do dodatnih deformacij in da se zato cevi premikajo skupaj 
z nosilcem, na katerega so priključene. Cevi so zato v eni smeri togo priključene na konstrukcijo. 
Posledično premiki konstrukcije v ceveh povzročijo napetosti, kar lahko vodi do poškodbe cevi, izgube 
tekočine v ceveh in izpada funkcionalnosti industrijskega obrata. Da bi povezali funkcionalnost opreme 
z mejnim stanjem konstrukcije, smo ocenili kapaciteto pomika konstrukcije na osnovi potresnih zahtev 
v ceveh. Zato smo razvili mehanske modele cevovodov, ki so priključeni na konstrukcijo. Modeli ne 
vključujejo konstrukcije, vendar je vpliv konstrukcije upoštevan preko robnih pogojev modela 
cevovoda. Takšen način ponuja večjo prožnost pri analizah, ki jih lahko izvajajo različne skupine 
inženirjev. Ta prednost metode se izgubi, če dinamične interakcije med primarno strukturo in opremo 
ni mogoče zanemariti. Tudi v tem primeru se še vedno lahko uporablja predlagani varnostni faktor, 
določen na osnovi ciljnega tveganja, vendar je treba varnostno preverjanje uporabiti neposredno na 
opremi (npr. na ceveh) in ne na konstrukciji. Poseben primer predstavlja oprema, ki je prvenstveno 
občutljiva na pospeške. V tem primeru uporaba odločitvenega modela na osnovi pomikov ni najbolj 
smiselna, vendar bi bilo mogoče predlagani odločitveni model enostavno prilagoditi z uvedbo 
odločitvenega modela, ki temelji na pospeških. 
 
Predlagani postopek načrtovanja enot industrijskih obratov je zelo podoben uveljavljanim postopkom 
potresnoodpornega načrtovanja stavb, kot se uporabljajo v praksi. Zato ga je mogoče sorazmerno 
enostavno vključiti v standard. Prednost predlaganega postopka potresnoodpornega načrtovanja enote 
industrijskega obrata pred uveljavljenimi postopki pa je v tem, da odločitev temelji na časovno 
opredeljenih posledicah potresov, čeprav je potresna analiza izvedena le za en projektni potres, kar je 
skladno s trenutno veljavnim standardom za potresnoodporno projektiranje konstrukcij. Predlagani 
odločitveni model bi lahko uporabili v praksi, vendar bi bilo smiselno izvesti obsežne parametrične 
študije, s katerimi bi ocenili kapaciteto premika za različne vrste kritične opreme.  
 
Naj poudarimo, da je predlagani postopek načrtovanja enot industrijskega obrata osnovan na izbranem 
ciljnem tveganju za prekoračitev mejnega stanja poškodovanosti kritične opreme obravnavane enote. V 
splošnem, kot je omenjeno v začetku razširjenega povzetka, moramo pri načrtovanju zagotavljati 
zadostno varnost za preživetje ljudi zaradi posledic potresov. Zato je treba razviti modele za oceno 
poškodovanosti enot zaradi potresov. Ta vidik postane ključen v primeru industrijskih obratov, saj lahko 
morebitna poškodovanost kritičnih enot industrijskih obratov, ki jih neposredno povzroči potres, sproži 
domino učinke. S tem se lahko znatno poveča tveganje za smrtne žrtve na celotnem prizadetem območju, 
kar pa je treba upoštevati pri načrtovanju novih ali utrjevanju obstoječih industrijskih obratov. Ena 
izmed možnih rešitev tega problema je predstavljena v preostalih poglavjih doktorske disertacije, 
začenši s predstavitvijo 3. poglavja, kjer predstavimo metodo za oceno potresnega tveganja industrijsko-
urbanih območji z upoštevanjem različnih nevarnosti zaradi domino učinka.   
 
130 Celano, F. 2020. Seismic design parameters for the units of industrial facilities … built environment. 
Doctoral dissertation. Ljubljana, UL, Faculty of Civil and Geodetic Engineering, Built Environment. 
 
8.3 Poglavje 3: Ocena tveganja industrijsko-urbanih območji z upoštevanjem domino učinkov 
različnih nevarnosti 
 
Da bi količinsko opredelili možne posledice domino učinkov, ki jih lahko sproži potres, smo razvili 
novo metodologijo za oceno tveganja industrijsko-urbanih območji, ki vključuje ovrednotenje več 
nivojev domino učinkov zaradi različnih nevarnih dogodkov (npr. požar, eksplozija, širjenje strupenih 
plinov). Metodologija je predstavljena v poglavju 3. Prvenstveno je bila razvita za petrokemične 
industrijske obrate in bližnja urbana območja, na katera vplivajo petrokemični industrijski obrati. Ne 
glede na to je teoretični del metodologije splošen. Zato se lahko metodologijo uporablja za različne tipe 
industrijsko-urbanih območij. Zaradi zapletenosti problema in več sto kazalnikov odpornosti 
skupnosti [54–57] smo se odločili, da ovrednotenje odpornosti skupnosti v tej fazi raziskav 
poenostavimo in odpornost skupnosti ovrednotimo s časovno opredeljenim tveganjem za smrtne žrtve, 
kar predstavlja ključen kazalnik odpornosti skupnosti, ki je dobro koreliran z ostalimi kazalniki 
odpornosti skupnosti. Za mere tveganja, s katerimi merimo tveganje za izgubo življenj, smo izbrali 
individualno tveganje IR, ki je opredeljeno kot letna verjetnost smrtnega izida za posameznika, ki eno 
leto neprekinjeno stoji na izbrani lokaciji [35–37]. Ta mera služi tudi kot osnova za določitev 
zemljevidov tveganja za izgubo življenj, s katerimi prikažemo prostorsko porazdelitev tveganja 
(npr. [102]). 
 
V prvem delu poglavja najprej predstavimo teoretične osnove metodologije za oceno individualnega 
tveganja. V ta namen obravnavano območje mrežimo enakomerno s kvadrati izbrane površine. 
Računske točke za ovrednotenje individualnega tveganja, ki jih imenujemo tarče, so postavljene v 
težišče vsakega kvadrata mreže. Enote industrijskih obratov in ostale enote urbanega okolja 
predstavljajo izvore tveganja, ker lahko povzročijo smrt posameznika na tarči. Izhodišče za izračun 
individualnega tveganja zaradi potresov in domino učinkov je produkt med hitrostjo pojavljanja gibanja 
tal v tarči in verjetnostjo, da potresi povzročijo smrtni dogodek v obravnavani tarči. Enačbo nato 
prevedemo na konvencionalni integral tveganja [21,22], ki poveže verjetnost za smrt posameznika, ki 
stoji na izbrani lokaciji, zaradi potresa z določeno intenziteto gibanja tal z odvodom krivulje potresne 
nevarnosti. Problem nastopi pri izračunu verjetnosti za smrt posameznika pri pogoju intenzitete gibanja 
tal, saj je treba upoštevati tako smrtne dogodke, ki so neposredna posledica gibanja tal kot tudi smrtne 
dogodke, ki so posledica domino učinkov. Zaradi tega smo problem razčlenili tako, da se verjetnost za 
izgubo življenja pri pogoju izbrane intenzitete potresa izraža z verjetnostjo unije vseh smrtnih dogodkov, 
ki so posledica poškodovanosti enot zaradi gibanja tal pri določeni intenziteti potresa. Pri vrednotenju 
verjetnosti unije dogodkov smo predpostavili, da so smrtni dogodki neodvisni, kar popolnoma ne drži, 
vendar takšen izračun nekoliko preceni individualno tveganje.  
 
V postopku izračuna individualnega tveganja v obravnavani tarči smo poškodovanost enot sistema 
opisali z diskretnimi mejnimi stanji poškodovanosti, medtem ko smo verjetnost za nastop mejnih stanj 
poškodovanosti opisali s krivuljami potresne ranljivosti vsake posamezne enote industrijsko-urbanega 
območja. Zaradi tega smo verjetnost za smrtni dogodek zaradi poškodovanosti izbrane enote pri pogoju 
izbrane intenzitete gibanja tal dodatno razčlenili s pomočjo teorema popolne verjetnosti dogodka. 
Verjetnost za smrtni dogodek zaradi poškodovanosti izbrane enote smo zato ocenili kot zmnožek 
verjetnosti za smrt posameznika pri pogoju izbrane stopnje poškodovanosti enote in verjetnosti, da 
izbrano stopnjo poškodovanosti enote povzroči potres z določeno intenziteto gibanja tal. 
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Najbolj zahteven del metodologije je izračun verjetnosti smrtnih dogodkov, ki jih povzroči izbrana 
stopnja poškodovanosti določene enote industrijskega obrata, saj je treba upoštevati tudi verjetnost za 
smrtne žrtve, ki jih povzročijo domino učinki. Zato smo upoštevali, da so smrtni dogodki posledica: a) 
neposredne poškodovanosti določene enote industrijskega obrata, b) neposredne mehansko-kemične 
posledice zaradi izgube nevarnega materiala (LOC) in c) domino učinkov, ki jo sprožijo mehanski ali 
kemični dogodki, kot so požar, eksplozija in širjenje strupenih snovi. Niz vmesnih dogodkov, ki lahko 
privedejo do enega od treh načinov smrtnega dogodka, smo opisali s podatkovnimi drevesi, ki se končajo 
bodisi s smrtnim izidom ali preživetjem posameznika. Dogodke v okviru podatkovnih dreves smo 
simulirali z metodo Monte Carlo in tako ocenili verjetnost za smrt posameznika na določeni lokaciji 
zaradi izbrane stopnje poškodovanosti določene enote industrijskega obrata. Za takšne simulacije je 
treba razviti modele za verjetnost vmesnih dogodkov v podatkovnih drevesih. Zlasti so potrebni 
naslednji modeli: 
 
1. model verjetnosti za izgubo življenja kot neposredne posledice potresne škode na enoti (tj. 
primer smrtnega dogodka a) 
2. model verjetnosti razlitja nevarnih snovi (LOC) v določeni enoti industrijskega obrata 
3. model verjetnosti mehansko-kemičnih dogodkov kot posledic stanja LOC  
4. model verjetnosti izgube življenja zaradi mehansko-kemičnih dogodkov (tj. primer smrtnega 
dogodka b) 
5. model verjetnosti nastanka določene stopnje poškodovanosti v drugih enotah industrijskega 
obrata kot posledica mehansko-kemičnih dogodkov zaradi posledic izbranega stanja LOC 
 
Primer verjetnosti smrtnega dogodka a) je odvisen od vrste enote in nivoja poškodovanosti enote. V 
doktorski disertaciji smo uporabili modele, ki sta jih predlagala Zuccaro in Cacace [109]. Za verjetnost 
pojava diskretnih stanj LOC smo uporabili binarni model, ki podaja verjetnost za pojav izbranega stanja 
LOC pri pogoju mejnega stanja poškodovanosti [111,135]. To pomeni, da je verjetnost pojava stanja 
LOC, ki je pogojena s pojavom mejnega stanja poškodovanosti, bodisi 0 ali 1. Modele za verjetnost 
mehansko-kemičnih dogodkov (tj. požar, eksplozije, razpršitev strupenih snovi ali eksplozije hlapov) 
kot posledica stanja LOC smo privzeli iz literature [104]. Verjetnost za omenjene dogodke je modelirana 
poenostavljeno, vendar je odvisna od vrste nevarnih snovi, ki je shranjena v industrijski enoti, in od 
intenzitete stanja LOC, kot je opisano v [104]. Na primer, intenziteto požara v bazenu ali bliska ognja 
smo modelirali s toplotnim sevanjem. Intenziteto eksplozije in razpršitev strupene snovi pa smo 
ovrednotili z nadtlakom oziramo s koncentracijo strupenih snovi v zraku. Vse omenjene modele smo 
povzeli po literaturi [103,121]. Modela za verjetnost dogodkov iz točk 4 in 5 temeljita na intenzivnosti 
fizikalno-kemičnih pojavov (npr. [35,44,47]).  
 
Oceno tveganja industrijsko-urbanih območij z upoštevanjem domino učinkov zaradi različnih 
nevarnosti smo sistematično razčlenili na več neodvisnih procesov. Obravnavano industrijsko-urbano 
območje diskreditiramo z mrežo. Sledi identifikacija nU enot obravnavanega območja. Na splošno 
obravnavan sistem sestavljajo industrijske enote, kot so rezervoarji, visoko tlačni rezervoarji ali cevni 
regali, pisarne in stanovanjske stavbe ter drugi objekti zunaj industrijske cone. Za vsako od opredeljenih 
enot je treba določiti diskretni niz mejnih stanj poškodovanosti. Poleg tega je treba za industrijske enote, 
ki skladiščijo nevarne snovi, opredeliti diskretni niz mejnih stanj LOC. Pomembne vhodne podatke 
predstavljajo modeli za verjetnost dogodkov iz dreves dogodkov, ki so potrebni za izračun verjetnosti 
smrti posameznika na določeni lokaciji zaradi diskretnega stanja poškodovanosti izbrane enote 
industrijskega obrata. Poleg tega je treba definirati še funkcijo potresne ranljivosti enot za vsa diskretna 
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stanja poškodovanosti, ki se uporabijo za izračun verjetnosti mejnega stanja poškodovanosti v 
obravnavani enoti, in krivuljo potresne nevarnosti za obravnavano industrijsko-urbano območje. Ko so 
vhodni podatki pripravljeni, se individualno tveganje izračuna za vsako točko mreže. 
 
8.4 Poglavje 4: Pričakovano število smrtnih žrtev v industrijsko-urbanih območjih zaradi 
potresov z upoštevanjem domino učinkov različnih nevarnosti 
 
Individualnega tveganja ne moremo neposredno uporabiti kot informacijo glede pričakovanega števila 
smrtnih žrtev, saj pri oceni individualnega tveganja ni upoštevana urna, dnevna, tedenska in mesečna 
migracija ljudi na obravnavanem območju. Da bi bolje razumeli tveganje za smrtnost ljudi, smo za mero 
za tveganje uporabili pričakovano število smrtnih žrtev na leto na celotnem obravnavanem območju, ki 
jo na kratko imenujemo potencialna izguba življenj (pll). V četrtem poglavju zato predstavimo 
metodologijo za oceno potencialne izgube življenj za industrijsko-urbana območja. Za izračun 
potencialne izgube življenj je treba modelirati prostorsko razporeditev ljudi na območju. V ta namen so 
razviti trije populacijski modeli, s katerimi simuliramo razporeditev ljudi v različnih conah industrijsko-
urbanega območja. Predlagani populacijski modeli upoštevajo urno spremenljivost razporeditve ljudi 
skozi celotno leto. 
 
Prispevek ene točke v obravnavani mreži k potencialni izgubi življenja izračunamo kot produkt 
individualnega tveganja in ekvivalentnega letnega števila ljudi v obravnavani točki mreže. Ekvivalentno 
letno število ljudi izračunamo kot urno povprečje ljudi v izbrani točki mreže, za kar uporabimo 
populacijske modele. Namreč, treba je upoštevati, da gostota ljudi lahko precej variira preko dneva, 
tedna ali meseca. Na primer, večina prebivalcev je ponoči v svojih domovih, medtem ko so med 
delovnim delom dneva v službi ali šoli. Poleg tega se razporeditev prebivalstva razlikuje med 
delavnikom in vikendom, nanjo pa vplivajo tudi šolske počitnice in dopust v poletnih mesecih [31,144]. 
Ker potresa ni možno točno napovedati, je dovolj natančno, če gostoto ljudi obravnavamo z letno 
ekvivalentno porazdelitvijo po točkah mreže na osnovi relativno podrobnih populacijskih modelih. 
Potencialno izgubo življenja na celotnem obravnavanem območju določimo enostavno kot seštevek 
prispevkov posameznih točk mreže k potencialni izgubi življenja. 
 
Za simulacijo prostorske porazdelitve prebivalstva na območju so predstavljeni trije različni prostorsko 
odvisni populacijski modeli, ki smo jih uporabili za določitev ekvivalentnega letnega števila ljudi na 
obravnavani lokaciji. Prvi model opisuje populacijo ljudi v stavbah, kot so stanovanjske enote, pisarne, 
skladišča in druge stavbe. Drugi model se uporabi za modeliranje populacije industrijskih enot, kot so 
rezervoarji ali cevni regali. Tretji model se nato uporabi za opis populacije "odprtega območja", to je 
območja, ki ga ne zaseda nobena stavba ali industrijska enota. 
 
Če se stavba nahaja v eni izmed točk mreže, smo predpostavili, da je ekvivalentno letno število ljudi v 
obravnavani točki enako ekvivalentnemu letnemu številu stanovalcev stavbe. Glede na modele 
v [31,145] se ekvivalentno letno število ljudi v stavbi izračuna kot produkt največjega števila ljudi v 
stavbi in ekvivalentnega letnega deleža zasedenosti stavbe, ki je določen kot urno povprečje deleža 
zasedenosti stavbe v enem letu. Če je v obravnavani točki nameščena industrijska enota, je ekvivalentno 
letno število ljudi v tej točki odvisno od pogostosti pregledov ali vzdrževalnih del. Več možnih izidov 
pa se pojavi pri opisu populacije na odprtem območju, ki ga zato razdelimo na več podobmočij (npr. 
prometnice, travniki, območje za druženje ljudi, itd.). Za vsako od obravnavanih odprtih podobmočij se 
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uporabi drug model populacije, vendar smo znotraj enega podobmočja predpostavili prostorsko 
enakomerno gostoto populacije. 
 
Potencialno izgubo življenj se običajno uporabi kot mero za komunikacijo tveganja za tretje osebe [38], 
saj je ta kazalnik tveganja razumljiv širši populaciji. Zato je smiselno določiti ciljno oz. sprejemljivo 
vrednost potencialne izgube življenja za industrijsko-urbana območja. Definicija sprejemljivega 
tveganja v smislu potencialne izgube življenja ni preprosta. V poglavju pet predstavljamo eno od 
možnosti za opredelitev sprejemljivega tveganja v smislu potencialne izgube življenja, ki je določena 
na osnovi krivulj f - N (npr. [1,42,43]), ki ponazarjajo mejo med srednjo letno frekvenco preseganja 
določenega števila smrtnih žrtev N na leto in so običajno linearne funkcije izražene v logaritemskih 
koordinatah. Različni mednarodni standardi predlagajo različne krivulje f - N kot merilo sprejemljivosti 
tveganja za izgubo življenja zaradi ekstremnih naravnih pojavov (npr. [39,139,153,154]). 
 
Metodologijo za vrednotenje potencialne izgube življenj smo demonstrirali za primer, ki smo ga 
obravnavali v tretjem poglavju. Populacijo industrijsko-urbanega območja smo izračunali za isto točko 
mreže kot individualno tveganje. Pokazalo se je, da individualno tveganje ne predstavlja ustrezne mere 
za realistično oceno tveganja, saj ne upošteva pričakovane porazdelitve ljudi na območju. Dejansko se 
največje število smrtnih žrtev pričakuje v točkah, kjer sta tako individualno tveganje kot ekvivalentno 
letno število ljudi relativno velika. Na primer, za obravnavani primer smo pokazali, da je ekvivalentno 
letno število smrtnih žrtev v okolici rezervoarjev majhno, kljub temu da je individualno tveganje veliko. 
To se zgodi, ker je letno število ljudi v okolici rezervoarjev zelo majhno. 
 
Potencialna izguba življenj, ki jo določimo s predstavljeno metodologijo, je primerna mera za 
načrtovanje industrijskih obratov, saj upošteva celotno populacijo na obravnavanem območju. Poleg 
tega obstajajo modeli za ciljno tveganje, zainteresirani skupnosti pa je ta kazalnik tveganja sorazmerno 
enostavno razumljiv. 
 
8.5  Poglavje 5: Razčlenitev tveganja za izgubo življenja 
 
Pri vrednotenju tveganja za izgubo življenja se po metodologiji iz tretjega poglavja upošteva prispevek 
vsake enote in vsakega mejnega stanja poškodovanosti. Prispevek k verjetnosti za izgubo življenja se 
zato spreminja od enote do enote, odvisen pa je tudi od stanja poškodovanosti enote. Na primer, 
intuitivno lahko uvidimo, da so poškodbe rezervoarja, ki vsebuje eksplozivno snov, bolj nevarne za 
izgubo življenja, kot poškodbe rezervoarja, ki hrani vodo. Da bi bolje razumeli tveganje za izgubo 
življenja na nivoju obravnavanega industrijsko-urbanega območja, je zato smiselno razčleniti verjetnost 
tveganja za izgubo življenja po enotah obravnavanega sistema in pripadajočih stanjih poškodovanosti. 
Ta cilj je obravnavan v petem poglavju doktorske disertacije, vendar je treba poudariti, da je razčlenitev 
tveganja za izgubo življenja le vmesni rezultat celotnega predlaganega postopka potresnoodpornega 
načrtovanja, saj je informacija neposredno uporabna za potresnoodporno načrtovanje posameznih enot 
industrijskega obrata z upoštevanjem sprejemljive vrednosti potencialne izgube življenj na celotnem 
obravnavanem območju. 
 
Tveganje za izgubo življenja smo razčlenili na podoben način, kot ga je predlagal Aslani [155] za 
razčlenitev ekonomskih izgub. Rezultat takšne razčlenitve je predstavljen kot stolpčni diagram, kjer 
višina vsakega stolpca predstavlja prispevek mejnega stanja poškodovanosti in enote k tveganju za 
izgubo življenja. Na ta način se zelo enostavno uvidi, katera stanja poškodovanosti in katere enote imajo 
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največji vpliv na tveganje za izgubo življenja. Kot smo že omenili, so te informacije koristne v okviru 
postopka potresnoodpornega načrtovanja enote industrijskega obrata. Če je cilj postopka načrtovanja 
zmanjšati tveganje za izgubo življenja, je najučinkovitejša strategija prilagoditi tiste enote, ki imajo 
največji vpliv na tveganje za izgubo življenja, in morda optimizirati stroške pri gradnji enot, ki imajo 
zanemarljiv vpliv na ciljno tveganje. 
 
Razčlenitev tveganja za izgubo življenj je predstavljeno tako za individualno tveganje IR kot tudi za 
potencialno izgubo življenja pll. Prispevek IR d-tega stanja poškodovanosti in i-te enote lahko 
interpretiramo kot letno verjetnost za izgubo življenja stalno prisotnega posameznika zaradi d-tega 
stanja poškodovanosti i-te enote. Prispevek stanj poškodovanosti in enot k IR so odvisni od funkcij 
potresne ranljivosti za posamezna stanja poškodovanosti, krivulje potresne nevarnosti za obravnavano 
lokacijo in verjetnosti za izgubo življenja pri pogoju neposredne potresne poškodovanosti enot. Pri 
izračunu prispevkov k IR se upošteva, da lahko posameznik umre zaradi neposrednega vpliva ruševin, 
zaradi mehansko-kemičnih posledic, zaradi uhajanja nevarnih snovi ali zaradi domino učinkov. 
 
Razčlenitev individualnega tveganja je prikazana za obravnavani primer, pri čemer smo ovrednotili le 
prispevke k IR za štiri stanja poškodovanosti dveh rezervoarjev in ene stanovanjske stavbe. Pokazali 
smo, da lahko stanje manjše poškodovanosti prispeva večji delež k tveganju za izgubo življenja kot 
stanje močne poškodovanosti. Takšna situacija se lahko zgodi, ker se pri manjši poškodovanosti 
rezervoarja z nevarnimi snovmi lahko pojavijo domino učinki v smislu požara ali eksplozije. Poleg tega 
je pogostost manjše stopnje poškodovanosti rezervoarja bolj pogosta, zaradi bolj pogostih potresov 
manjše jakosti, medtem ko se močna poškodovanost pojavi le pri redkih ali zelo redkih potresih. 
 
Bolj celovito informacijo o pomembnosti enot in mejnih stanj poškodovanosti dobimo z razčlenitvijo 
potencialne izgube življenj pll na celotnem obravnavanem območju, kar je tudi predstavljeno v petem 
poglavju. V tem primeru lahko delež pll d-tega stanja poškodovanosti i-e enote razložimo kot število 
smrtnih žrtev na leto, ki jih povzroči d-to stanje poškodovanosti i-te enote. Pri razčlenitvi potencialne 
izgube življenj pokažemo, da je prispevek k pll d-tega stanja poškodovanosti i-te enote odvisen od 
funkcij potresne ranljivosti posameznih enot obravnavanega obrata, krivulje potresne nevarnosti 
lokacije in verjetnosti za izgubo življenja pri pogoju neposredne potresne poškodovanosti enot z 
upoštevanjem vpliva vseh točk obravnavanega območja. Razčlenitev pll omogoča ugotavljanje, katera 
enota obravnavanega območja in katero mejno stanje poškodovanosti ima največji vpliv na ekvivalentno 
letno število smrtnih žrtev na celotnem območju. Zato so te informacije neposredno koristne in uporabne 
v postopku potresnoodpornega načrtovanja enot industrijskih obratov. 
 
8.6 Poglavje 6: Postopek načrtovanja enot industrijskih obratov na ciljno tveganje 
 
Vse metode, predstavljene v tej disertaciji, smo združili v šestem poglavju in s tem uvedli nov postopek 
načrtovanja enot industrijskih obratov na ciljno tveganje. Mera za ciljno tveganje je časovno in 
prostorsko opredeljena, saj posamezno enoto industrijskega obrata načrtujemo glede na potencialno 
izgubo življenj, ki je ovrednotena z ekvivalentnim letnim številom smrtnih žrtev na celotnem 
industrijsko-urbanem območju. Odločitveni model novega postopka načrtovanja enot industrijskih 
obratov zato zahteva, da se v fazi načrtovanja novega industrijskega obrata ali prenovi obstoječega 
obrata dokaže, da je tveganje za izgubo življenj v obravnavanem industrijsko-urbanem območju nižje 
od dopustnega tveganja. Pri vrednotenju tveganja upoštevamo direktne izgube zaradi gibanja tal in 
indirektne izgube kot posledica domino učinkov, ki so posledica požarov, eksplozij ali potencialnega 
širjenja nevarnih snovi v okolje. Ker se v doktorski disertaciji osredotočimo na zagotavljanje potresne 
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odpornosti sistema, smo pri ovrednotenju potencialne izgube življenj upoštevali potres kot edini 
dogodek, ki lahko sproži smrtne dogodke neposredno ali pa posredno preko domino učinkov kot 
posledica različnih neželenih dogodkov.  
 
Rezultat metode potresnoodpornega načrtovanja enot industrijskih obratov niso konstrukcije enot, 
temveč se osredotočimo le na določitev ciljnih krivulj ranljivosti enot industrijskega obrata, ki pa so 
nato uporabne pri načrtovanju konstrukcij enot z upoštevanjem ciljne ranljivosti (e.g. [30,69]). 
Predlagani inovativen postopek načrtovanja obsega več korakov. V prvem koraku je treba predpostaviti 
začetne krivulje potresne ranljivosti enot industrijskega obrata in določiti krivulje ranljivosti preostalih 
enot urbanega sistema. Nato se izvedejo simulacije potresnega odziva sistema z upoštevanjem domino 
učinkov. Izračunati je treba potencialno izgubo življenj na obravnavanem območju, pll, in jo primerjati 
s tolerirano vrednostjo potencialne izgube življenj, pllt. Če je pll večji od pllt, je treba prilagoditi funkcije 
potresne ranljivosti enot industrijskega obrata, kar v splošnem predstavlja izjemno kompleksen 
optimizacijski problem, vendar smo ga rešili z inženirskim pristopom. Metoda projektiranja predvideva, 
da se poleg ocene tveganja izvede tudi razčlenitev potencialne izgube življenj glede na enote sistema in 
pripadajoča mejna stanja poškodovanosti. Ta informacij služi inženirju, da v okviru vseh ostalih 
omejitev sprejme odločitev glede prilagoditve ciljne funkcij potresne ranljivosti najbolj kritičnih enot 
industrijskega obrata. Ko je obravnavano industrijsko-urbano območje izboljšano, se ponovno ovrednoti 
potencialno izgubo življenj. Postopek se ponavlja, dokler pll ni vsaj nekoliko nižji od pllt. Naj 
opomnimo, da postopek prilagajanja potresne zmogljivosti sistema v smislu tveganja za izgubo življenja 
ni omejen le na prilagajanje ciljnih krivulj potresne ranljivosti najbolj kritičnih enot, saj so možne tudi 
številne druge rešitve za zagotovitev pllt. Na primer, kritične enote lahko prestavimo na manj vplivno 
lokacijo ali pa na območju uvedemo varnostne ovire, ki preprečijo ali omilijo potencialno nevarne 
posledice domino učinkov.  
 
Zgoraj opisane korake načrtovanja enot industrijskih obratov na ciljno tveganje smo poimenovali (i) 
analiza izgube življenja pri izbrani intenziteti gibanja tal, (ii) analiza populacije, (iii) analiza potresne 
nevarnosti, (iv) analiza sprejemljivosti tveganja in (v) iterativna prilagoditev ciljnih funkcij potresne 
ranljivosti enot industrijskega obrata. Prednost predlagane metodologije je v tem, da so prvi štirje procesi 
neodvisni in jih lahko ločeno izvajajo različne skupine inženirjev. Analiza izgube življenja pri izbrani 
intenziteti gibanja tal vključuje krivulje potresne ranljivosti ter večkratne simulacije z metodo Monte 
Carlo, s katerimi ovrednotimo verjetnost za izgubo življenja pri d-tem stanju poškodovanosti i-te enote 
industrijskega obrata. Večkratne simulacije Monte Carlo so potrebne, da se primerno ovrednotijo 
domino učinki. Rezultat analize populacije je ekvivalentno letno število ljudi v vsaki točki 
obravnavanega območja, rezultat analize potresne nevarnosti pa so krivulje potresne nevarnosti, ki so 
nujne za izračun individualnega tveganja ali potencialne izgube življenj na obravnavanem območju z 
upoštevanjem rezultatov analize izgube življenja pri izbrani intenziteti gibanja tal. Nič manj pomembna 
ni analiza sprejemljivosti tveganja, saj ta analiza v splošnem zahteva družbeni dogovor, ki ga trenutno 
še ne znamo v celoti opisati s fizikalno-matematičnimi modeli. 
 
Vse rezultate prvih štirih procesov uporabimo v petem procesu načrtovanja, ki obsega iterativno 
prilagajanje funkcij potresne ranljivosti kritičnih enot industrijskega obrata. Ker gre za proces 
načrtovanja, so potrebne določene predpostavke, saj konstrukcije enot še niso znane. Zato smo 
predpostavili, da je funkcije potresne ranljivosti možno opisati dovolj natančno z logaritemsko normalno 
porazdelitveno funkcijo z vnaprej izbrano standardno deviacijo logaritemskih vrednosti pospeškov, ki 
povzročijo obravnavano mejno stanje poškodovanosti. Ta predpostavka omogoča precejšno 
poenostavitev simulacij Monte Carlo, saj potresne analize kompleksnega industrijsko-urbanega 
območja ni treba izvajati za vsako posamezno simulacijo. Poleg tega študije kažejo (npr. [76,77]), da je 
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možno standardno deviacijo logaritemskih vrednosti pospeškov, ki povzročijo obravnavano mejno 
stanje poškodovanosti, relativno natančno določiti za različne razrede enot urbanih območij s pomočjo 
vnaprej izvedenih parametričnih študij. Dodatno je tudi predpostavljeno, da je odnos med krivuljami 
potresne ranljivosti za posamezna mejna stanja relativno konstanten, kar pomeni, da se razmerja median 
mejnih pospeškov, ki povzročijo prekoračitev mejnih stanj, ohranjajo. Na primer, na osnovi razčlenitve 
potencialne izgube življenj se za kritično enoto prilagaja krivuljo potresne ranljivosti za le eno mejno 
stanje poškodovanosti, medtem ko so krivulje potresne ranljivosti za ostala mejna stanja poškodovanosti 
predpostavljene glede na model za razmerja median mejnih pospeškov. Vpliv te predpostavke na ciljno 
tveganje je treba še dodatno preveriti s parametričnimi študijami, vendar lahko modeli razmerij median 
mejnih pospeškov v prihodnosti postanejo bolj natančni. Zgoraj omenjene predpostavke pravzaprav ne 
morejo vplivati na izid odločitvenega modela, lahko pa vplivajo na optimalnost rešitve.  
 
Predlagan postopek potresnoodpornega načrtovanja enot industrijskih obratov smo demonstrirali na 
primeru industrijsko-urbanega območja, ki smo ga obravnavali v tretjem poglavju. V primeru smo se 
osredotočili na načrtovanje ciljne funkcije potresne ranljivosti dveh rezervoarjev obravnavanega 
industrijsko-urbanega območja. Pokazali smo, da je postopek izračuna ciljnih funkcij potresne 
ranljivosti rezervoarjev precej preprost, ko se izvedejo prvi štirje procesi predlaganega postopka 
načrtovanja. Ker se prvi štirje procesi izvedejo neodvisno in le enkrat, se iterativno prilaganje funkcij 
potresne ranljivosti enot precej poenostavi. Poleg tega pa takšen postopek omogoča, da različne skupine 
inženirjev neprestano izboljšujejo modele in metode za izvedbo prvih štirih analiz obravnavanega 
postopka. 
 
Rezultat postopka načrtovanja v smislu ciljnih funkcije potresne ranljivosti vključuje vplive različnih 
fenomenov in odločitveni model na osnovi ciljnega tveganja za izgubo življenja na celotnem 
industrijsko-urbanem okolju. Predlagana metoda potresnoodpornega načrtovanja v smislu 
odločitvenega modela izrazito presega okvire trenutno veljavnih standardov in delovne verzije novih 
standardov [77]. Ne glede na to pa bi lahko ozaveščeni lastniki metodo uporabili tudi v praksi za 
nadstandardno načrtovanje industrijskih obratov, saj obstaja že več metod za potresnoodporno 
projektiranje konstrukcij z upoštevanjem ciljne funkcije potresne ranljivosti konstrukcije (npr. 
[26,28,30,32]). Predlagani pristop za potresnoodporno načrtovanje je zato inovativen tudi s tega stališča, 
saj povezuje ciljno tveganje za izgubo življenj z upoštevanjem domino učinkov z že razvitimi postopki 
za potresnoodporno projektiranje posameznih konstrukcij. 
 
Postopek temelji na nekaterih predpostavkah, ki bi jih bilo smiselno dodatno ovrednotiti, kot smo 
deloma že opisali. Prav tako smo problem optimizacije potresnega odziva industrijsko-urbanega 
območja rešili na inženirski način. V splošnem bi lahko krivulje potresne ranljivosti enot industrijskega 
obrata prilagajali z optimizacijskimi algoritmi (npr. [156–158]), katerih namen je izpolniti zahteve glede 
ciljnega tveganja za potencialno izgubo življenj in zmanjšati stroške gradnje ali, na splošno, stroške 
potencialnih ekonomskih izgub. Vendar takšne metode niso zelo praktične in lahko postanejo izredno 
zapletene v primeru kompleksnih industrijsko-urbanih območij, ne zaradi kompleksnosti matematičnega 
opisa problema, ampak zaradi kompleksnosti vhodnih podatkov. Namreč, za tako kompleksne probleme 
je izredno težko nastaviti vse kazenske funkcije optimizacijskega algoritma tako, da bi rezultat dejansko 
vodil v optimalno rešitev. Namesto tega predlagana metodologija vpeljuje inženirsko presojo za vsak 
korak predlaganega iterativnega postopka, kar inženirjem omogoča boljši vpogled v odziv sistema, kar 
pa posledično omogoča tudi bolj optimalne rešitve.  
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